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GENERAL ABSTRACT 
 
 Future demand for maize and oil palm is projected to increase steadily due to the 
effect of rising populations and incomes on food, feed and fuel consumption. This demand 
should be met through increased production on existing cropland while conserving natural 
resources. This study was conducted to evaluate the prospects for sustainable intensification 
of maize and oil palm production in Southeast Asia through improved nutrient management. 
Strategies and tools for site-specific nutrient management were evaluated across the region in 
terms of their effect on productivity, profitability, sustainability and environmental quality.  
The leaf color chart was found effective in detecting N deficiency in maize. Adjusting 
fertilizer N applications according to leaf color gave 0.80 t ha
-1
 more grain yield than fixed 
rates and US$ 182 ha
-1
 higher profit. There was no advantage in more than two split 
application of fertilizer N in terms of yield or agronomic efficiency in areas with low risk of 
N leaching. Yield with site-specific nutrient management (SSNM) was 1.0 t ha
-1
 higher than 
the current farmers’ fertilizer practice (FFP). Yield increases were associated with a 10% 
decrease in average fertilizer N rate, but with increased application of K at sites where the 
previous K rates were low. Average N use efficiency increased by 42% and profitability by 
US$167 ha
-1
 per crop. The Nutrient Expert (NE) for hybrid maize decision support software 
increased yield and profit of farmers in Indonesia and the Philippines. In Indonesia, NE 
increased yield by 0.9 t ha
-1
, which increased profit by US$270 ha
-1
 over the FFP. In the 
Philippines, NE increased yield by 1.6 t ha
-1
 and profit by US$379 ha
-1
 compared with FFP. 
Soil pH and soil organic carbon under oil palm plantations improved after four years of field 
trial with appropriate nutrient management practices. Leaf analysis was found to be 
insufficient for nutrient management in oil palm when used alone under a commercial 
production setting. To reduce decision uncertainty related to nutrient management, an 
approach using operational research and on-farm experimentation was proposed where 
routinely collected data on leaf analysis, yield, weather and soil conditions on a large number 
of blocks over a longer period of time are used to provide more insight on the response of the 
crop to both management and uncontrolled variation under particular sets of spatial and 
temporal conditions at a commercial scale.  
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抜粋 
 
人口増加と食生活の変化により食料・飼料やエネルギー作物であるトウモロコシ
やアブラヤシの需要は確実に増大している。この需要増は現存する耕地や自然資源
の変換を通した生産増加で達成しなくてはならない。本研究は東南アジアにおける
トウモロコシおよびアブラヤシの持続可能な養分管理改善策の見通しを評価するた
め、位置特異的養分管理の戦略と手段を生産性・収益性・環境質への影響の観点か
ら広域的に検討した。 
 トウモロコシでは窒素欠乏状態を検出するのに葉色票が有効であった。これに従
って施肥窒素を調整した場合、無調整に比べ 0.80 t ha-1増収し 182US$ ha-1増益にな
った。窒素溶脱の危険が少ない地域では収量でも施肥効率でも 2 回追肥するメリッ
トは認められなかった。位置特異的養分管理は農家慣行に比べ 1.0 t ha-1 増収した。
窒素 10％減でも収量は増加したが、前作での K 施肥が少ない圃場では K 増肥が増収
に繋がった。平均窒素利用効率は 42％増加し、1 作当たり 167 US $ha-1の増益とな
った。ハイブリッドトウモロコシ向けの養分解析意思決定ソフト(NE)でインドネシ
アとフィリピンの農家収量と収益が増大した。インドネシアでは NEにより慣行農家
に比べて 0.9 t ha-1増収し 270US$ ha-1増益になった。同様にフィリピンでは 1.6 t ha-1
増収し 379US$ ha-1増益になった。アブラヤシ栽培土壌の pH と有機態炭素含量は 4
年間の適切な養分管理で改善された。アブラヤシの葉の分析は商業的生産体系だけ
では養分管理として不十分で、プランテーションの知的管理手法が現地試験と作業
研究を通じて商業レベルで作物反応を管理し制御不能な変動に対応する上で重要な
知見を与えることを見出した。 
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CHAPTER I 
GENERAL INTRODUCTION AND OBJECTIVES 
 
1.1 General introduction 
Maize and oil palm are two important crops in Southeast Asia. Maize (Zea mays L.) is 
second to rice as a food staple in much of Indonesia, the Philippines, and Vietnam and is a 
major source of livelihood for farmers in these countries (Gerpacio et al., 2004; Swastika et 
al., 2004; Thanh Ha et al., 2004). Oil palm (Elaeis guineensis) supplies around 30% of the 
world’s vegetable oil (USDA-FAS, 2013b) with Indonesia and Malaysia being the biggest 
producers of palm oil, accounting for 87% of the total global annual production of 53 Mio 
tons (USDA-FAS, 2013b). 
Demand for these crops is projected to increase steadily due to a rapidly growing 
population with increased disposable incomes and a greater propensity for processed food, 
animal products and biofuels. It is projected that by 2020, maize requirements in East and 
Southeast Asia may rise to 291 Mio tons (IFPRI, 2001); current maize production total 250 
Mio tons (FAOSTAT, 2013). Future demand for vegetable oil has been projected at between 
201 and 340 Mio tons per year by 2050 (Corley, 2009), based on demand for edible oil and 
biodiesel.  
To meet future demands for maize and oil palm, additional crop production should 
largely come from the sustainable intensification of existing farmlands to avoid the 
undesirable effects of agriculture (Pretty, 2008; Tilman et al., 2011). Sustainable 
intensification of agriculture refers to the application of techniques that use available 
environmental resources more intensely, rationalize external inputs while maintaining or 
increasing crop yield per unit area (Caviglia and Andrade, 2010; Tilman et al., 2011). Much 
attention has been given recently to intensification prospects from closing yield gaps (Lobell 
et al., 2009; Licker et al., 2010; Grassini and Cassman, 2012). Mueller et al. (2012), in their 
global-scale assessment of yield gaps, found considerable yield-gain opportunities from 
improving water and nutrient management.  
Site-specific nutrient management (SSNM) is the dynamic, field-specific management 
of nutrients in a particular cropping season to optimize the supply and demand of nutrients 
according to their variation in time and space (IRRI, 2011). The SSNM approach was 
originally based on a modification of the QUEFTS model (Janssen et al., 1990; Smaling and 
Janssen, 1993) that required information on the yield potential and yield goal, estimates of the 
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indigenous nutrient supply, recovery efficiencies of applied fertilizer, plant nutrient 
accumulation and its relationship to grain yield (Dobermann and Witt, 2004). The approach 
has since been systematically transformed into a simplified framework that estimates 
fertilizer requirements based on an established attainable yield target and the anticipated crop 
response to fertilizer application using the omission plot technique (Dobermann et al., 2003; 
Pampolino et al., 2007; Buresh et al., 2010). ) The potential of SSNM to close existing yield 
gaps in cereal cropping systems has been shown in the intensive rice cropping systems of 
Asia and irrigated wheat in northwest India (Dobermann et al., 2002; Khurana et al., 2008). 
The principles and strategies of SSNM need to be adapted for maize in Southeast Asia. 
In oil palm, improved efficiency and management have been put forward as a means 
of increasing yields and addressing nutrient deficiencies (Griffiths and Fairhurst, 2003). The 
International Plant Nutrition Institute (IPNI) has developed and tested a process to deploy a 
series of ‘best management practices’ (BMPs) within a commercial production environment 
that cover a range of agronomic practices intended to intensify the production system and 
decrease the yield gap at a given site using cost-effective, practical methods (Donough et al., 
2009). BMPs in oil palm aim to increase crop productivity through canopy management and 
nutrient management, as well as increased recovery of the crop produced in the field. 
Implementation of BMPs is ‘site-specific’, as they are tailored to address the particular 
production constraints and biophysical conditions of individual locations.  Tables B1 and B2 
in the Appendix provide further details on site-specific BMPs, together with evidence 
supporting the practices. 
 
1.2 General objectives 
This study was conducted to evaluate the prospects for sustainable intensification of 
maize and oil palm production in Southeast Asia through site-specific management practices. 
Specifically, the objective of this study was to evaluate strategies and tools for site-specific 
nutrient management in maize and oil palm in terms of their effect on productivity, 
profitability, sustainability and environmental quality. 
 
1.3 General structure 
The general framework of this dissertation is given in Fig. 1.1.  
Chapter 2 looks into the evaluation of split applications of fertilizer N and the use of the leaf 
color chart as N management strategies in maize. These strategies were incorporated into the 
SSNM approach for tropical hybrid maize and evaluated in multiple on-farm trials across 
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Southeast Asia (Chapter 3). A decision-support tool, the Nutrient Expert for Hybrid Maize 
software, was developed to facilitate the wider-scale dissemination of SSNM in the region; 
the conceptual framework and field evaluation of the software is discussed in Chapter 4.  
Chapter 5 investigates the effects of BMPs, notably of nutrient management, on soil 
quality indicators in six Indonesian oil palm plantations over a four-year period. Leaf analysis 
is evaluated as a tool for nutrient management in oil palm in Chapter 6.  
All results are integrated and discussed in Chapter 7.  
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Figure 1.1 Dissertation framework showing how the different studies are organized and relate 
to each other. Maize and oil palm are two major crops needed for food, feed and biofuel and 
their demand is likely to increase with the rapidly growing population. To achieve the 
sustainable intensification of maize and oil palm production systems in Southeast Asia, site-
specific strategies and tools for nutrient management are evaluated in meeting the goals of 
productivity, profitability, sustainability and environmental quality.  
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1.4 Review of related literature 
1.4.1 Concepts in yield gap analysis  
The term ‘yield gap’ (Yg) commonly refers to the difference between the potential 
yield (Yp) and the actual yield (Ya) achieved in a particular site (Lobell et al., 2009; Fig. 1.2). 
The Yp is the yield of a crop cultivar grown in environments to which it is adapted, without 
limitations from water, weeds, nutrients, pests, or diseases (Van Ittersum and Rabbinge, 
1997). In rainfed systems, water-limited yield (Yw) – defined similarly as Yp, but crop 
growth is limited by water supply – is the more relevant benchmark. Yp and Yw are 
commonly estimated using crop simulation models.  
Closing the gap between potential and actual yields is neither possible nor cost-
effective for farmers as yield response to applied inputs follows the law of diminishing 
returns (Koning et al., 2008; Lobell et al., 2009). Management objectives should, therefore, 
aim for closing gaps at a lower yield level of about 75–85% of Yp or Yw, otherwise called 
the exploitable yield gap (Van Ittersum et al., 2013). Fischer et al. (2009) and Fischer and 
Edmeades (2010) defined the exploitable yield gap as the difference between the 
economically attainable yield (Yatt) and Ya (Yield gap 3, Fig. 1.2).  
Hall et al. (2013) used different methods to estimate Yatt. In Chapter 3, Yatt is 
estimated as the yield achieved in farmers’ fields with current best crop management 
practices and where nutrients are not limiting. This is not the same as Yw in rainfed systems, 
although it may approximate the latter in some sites if the current management practice is 
optimal. 
Both Yp and Yatt vary from season to season and year to year depending on climate. 
The maximum attainable yield (Yattmax) in any given season could be close to Yp if 
management is excellent and weather conditions are very favorable. The optimal economic 
yield is often linked to the Yatt, but the actual yield (Y) in farmers’ fields is often lower than 
Yatt due to constraints like water availability, pests and diseases, and poor crop and nutrient 
management practices. 
Yield gap 2 is largely determined by factors that are difficult or impossible to control 
including the variation in climatic conditions. Best management practices such as the use of a 
leaf color chart (LCC) for fine tuning N management increase the likelihood of keeping yield 
gap 2 small. 
Yield gap 1 provides important guidance in the identification of constraints. If yield 
gap 1 is large despite following best management practices, Yatt must be limited by an 
unknown constraint. If yield gap 1 is small, there is no further room for yield improvement 
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and efforts might focus on enhancing productivity. It is usually not economical to aim at fully 
reducing yield gap 1 because of the large amounts of inputs required and the high risk of crop 
failure and profit losses. 
In oil palm, Yp fluctuates from year to year because of the combined effects of past 
climatic conditions (e.g., seasonal drought, haze) on floral initiation, sex determination, fruit 
set and bunch formation. Since a period of about 39 months elapses between floral initiation 
and the production of a ripe bunch, the present Yp integrates the effects of climate on yield 
over the preceding three to four years. Yp is larger on soils with good moisture retention and 
adequate year-round rainfall, and smaller on poor, coarse textured soils with regular and 
protracted seasonal droughts (Fairhurst et al, 2006).  
Unlike annual crops, oil palm has a long crop cycle, and many management decisions 
made at the beginning of that cycle cannot be easily changed. These include, for example, the 
choice of the site where the crop is to be planted, field layout and supporting infrastructure 
such as roads, choice of variety and seed sources, planting density and palm arrangement. All 
these management decisions are made at the beginning of the crop cycle and cannot be 
readily changed over the 25 years or more that the particular crop or block will stay in 
production (Rhebergen, 2012). Yatt is defined, then, during plantation establishment and the 
yield ceiling is set once the palms have reached maturity and the palm stand is fixed; this 
results in yield gap 1 (Fig. 1.3). Fairhurst et al (2006) suggest that the gap between Yatt and 
Ya is due to both poor nutrient management in the production phase (yield gap 2) and 
inefficiencies in general management (i.e. all other management practices except for 
nutrients, resulting in yield gap 3) (Fig. 1.3).  
Theoretically, it is not possible to close yield gap 1 in a mature stand of palms 
because it is already too late to correct all the factors involved. However, the greatest 
potential to reduce yield gap 1 occurs during the first two years of plantation establishment. 
From planting to 8-12 months after planting, plant population or stand per hectare can still be 
maximized by replacing all runts, off-types and vacant points. Supply palms planted after this 
period seldom produces productive palms due to inter-palm competition for light, nutrients 
and water.  
Yield gap 2 can be closed with optimal nutrient management techniques to detect 
nutrient deficiencies and provide fertilizer recommendations to correct these deficiencies. 
Yield gap 3 is eliminated by employing proper management field techniques and practices 
that ensure that all available fruit bunches and loose fruit are harvested at optimal ripeness 
and transported to the processing mill within 24 hours of harvest (Fairhurst et al., 2006).  
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Figure 1.2 Illustration of yield gaps between the farmers’ actual yield and the yield potential 
in a maize production system (Witt et al., 2009). In rainfed systems, water-limited yield (Yw) 
is the more relevant benchmark for potential yield. 
  
        Ya                        Yatt               Yattmax  Yp 
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Figure 1.3 Illustration of effects of nutrient and crop management on yield potential (Yp), 
attainable yield (Yatt), nutrient-limited yield (Yn) and actual yield (Ya) of oil palm. 
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CHAPTER II 
ON-STATION EVALUATION OF WITHIN-SEASON N 
MANAGEMENT STRATEGIES FOR HYBRID MAIZE 
 
2.1 Summary 
Maize yields in Southeast Asia are typically less than their potential because of sub-
optimal fertilizer management, particularly nitrogen. A range of N-fertilizer treatments on 
irrigated maize grown on medium-textured soils in Indonesia and Vietnam during the dry 
seasons of 2008–2009 were evaluated. The treatments included split applications with rates 
adjusted according to leaf color. There was no advantage in more than two splits in terms of 
yield or agronomic efficiency. Adjusting fertilizer N applications according to leaf color gave 
0.80 t ha
−1
 more grain than fixed rates and US$ 182 ha
−1
 higher profit. N-use was highly 
efficient in the range of 30–65 kg kg−1 N.  
 
2.2 Introduction 
Maize production in Southeast Asia is often less than potential because of suboptimal 
fertilizer management, especially N (Pasuquin et al., 2010). Current N management 
approaches mostly do not account for the dynamic nature of the crop’s response to the 
environment in both time and space, with blanket recommendations based on fixed time and 
fixed rate applications of fertilizer still being the norm.   
Site-specific nutrient management approaches that aim to synchronize soil N supply 
with crop N demand include field- and season-specific strategies for splitting and timing of N 
applications. The leaf color chart (LCC) has been proven to increase grain yield and N use 
efficiency in both rice and wheat when used either in real-time, where N is applied only when 
the leaf color falls below a critical level, or in a fixed-time, adjustable dose strategy (Peng et 
al., 2006; Shukla et al., 2004). In the latter approach, the timing and number of N applications 
are fixed and only the rate of each N application varies across season and location as N 
topdressings are adjusted upward or downward according to leaf color at critical growth 
stages.  
Preliminary research on the use of the LCC in maize was promising (Witt et al., 2004) 
with recent investigations showing that the LCC can improve N-use efficiency in maize 
following a real-time approach (Varinderpal Singh et al., 2011). In this study, a system of N 
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management for tropical hybrid maize using split dressings adjusted according to leaf color 
assessment was evaluated. 
 
2.3 Materials and methods 
2.3.1 Experiments 
Experiments were in the field during the dry season in 2008 and 2009 at the 
Indonesian Cereal Research Institute in Maros, South Sulawesi, Indonesia (5°0’ S, 119°34’ E) 
and the Cuu Long Rice Research Institute in O Mon, Can Tho Province, Vietnam (9°57’ N, 
105°51’ E). Soils were Typic Epiaquept (Maros) and Sulfic Tropaquept (O Mon) (Soil 
Survey Staff, 1992) (Table 2.1). 
 
The experimental design was a 3 × 4 split plot: 
Main plots (kg ha
-1
 N, as urea) Sub plots (split dressings) 
 
75 
150 
225 
 (i) 2 equal splits, NM2 
(ii) 3 equal splits, NM3 
(iii) As (ii) but the third split according to LCC, NMLCC1 
(Table 2.2) 
(iv) Additional LCC treatment 1 or 2 times, NMLCC2 
(Table 2.2 and 2.3) 
Plus  Nil N control 
Main plots were 6 m × 28 m at Maros and 4.4 m × 26.4 m at O Mon, with 4 
replications. Fields were ploughed and harrowed prior to sowing. Hybrid maize varieties, 
densities and sowing dates were: At Maros, Pioneer 21, 76,000 plants ha
−1
, 18 June, 2008, 
and 15 July, 2009. At O Mon, DK888, 76,000 plants ha
−1
, 25 March, 2008, and 10 March, 
2009. 
Phosphorus, either as superphosphate or triple superphosphate, and K (as KCl) were 
incorporated in the soil 7–10 cm from the plants at emergence. Rates (kg ha−1) P17 and K90–
125 at Maros and P44–87 and K83 at O Mon, were based on the nutrient uptake, nutrient 
removal, and agronomic efficiencies of maize for each site to ensure P and K were not 
limiting. Plots were irrigated as necessary to maintain adequate soil moisture.  
Stem borer was controlled with carbofuran in Maros and diazinon in O Mon and 
downy mildew by metalaxyl seed treatment in Maros. Pre-emergence herbicides and hand 
hoeing controlled weeds. 
 
X 
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Table 2.1 Chemical and physical properties of trial sites at Maros and O Mon experimental 
farms. 
Property Maros  O Mon  
pH H2O 5.9 4.9 
Organic C (%) 1.0 1.3 
Total N (%) 0.1 0.2 
Bray-1 P (mg kg
-1
) 13.7  
Bray-2 P (mg kg
-1
)  0.4 
CEC (cmol kg
-1
) 27.3 18.7 
Clay (%) 22 45 
Silt (%) 43 49 
Sand (%) 35 6 
 
  
12 
 
Table 2.2 Protocol for N applications based on leaf color chart (LCC) readings in the NMLCC1 
and NMLCC2 treatments, Maros and O Mon, 2008-2009. 
Growth stage 2008 2009 
 V10
a
 [LCC <4.0, SR
b
+25],  
[LCC ≥4.0≤4.5, SR], 
[LCC >4.5, SR-25] 
 
[LCC <4.0, SR+20], 
[LCC ≥4.0, SR] 
 
 V12 N75: 
[LCC <4.0, SR+10],  
[LCC ≥4.0≤4.5, SR], 
[LCC >4.5, SR-10] 
 
N150: 
[LCC <4.0, SR+15],  
[LCC ≥4.0≤4.5, SR], 
[LCC >4.5, SR-15] 
 
N225: 
[LCC <4.0, SR+20], 
[LCC ≥4.0≤4.5, SR], 
[LCC >4.5, SR-20] 
[LCC <4.0, 25], 
[LCC ≥4.0, do not apply N] 
Options selected depending on LCC are enclosed in square brackets in the form [LCC 
reading, N adjustment in kg ha
−1
]. 
a 
Growth stage of maize (Ritchie and Hanway, 1982). 
b 
SR: Standard rate. 
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Table 2.3. Timing of N application and amounts applied in the LCC sub-plot treatments at 
Maros and O Mon in 2008 and 2009. 
 Maros O Mon 
2008 2009 2008 2009 
NM2 
½ VE  
½ V8  
½ VE  
½ V8  
½ V3  
½ V8  
½ V0  
½ V8  
NM3 
1/3 VE  
1/3 V8  
1/3 V12   
1/3 VE  
1/3 V6  
1/3 V10   
1/3 V3  
1/3 V8 
1/3 V12   
1/3 V0  
1/3 V6  
1/3 V10   
NMLCC1 
1/3 VE  
1/3 V8  
1/3 V12
a
 
1/3 VE 
1/3 V6   
1/3 V10
a
 
1/3 V3  
1/3 V8   
1/3 V12
a
 
1/3 V0  
1/3 V6  
1/3 V10
a
 
NMLC22 
1/3 VE 
2/3 V10
a
 
1/3 VE  
1/3 V6   
1/3 V10
a
 
+V12
a
 
1/3 V3  
1/3 V8   
1/3 V10
a
  
1/3 V0  
1/3 V6  
1/3 V10
a
  
+V12
a
 
 N applied (kg N ha
-1
) 
 Maros O Mon 
2008 2009 2008 2009 
N75  NMLCC1 85 95 85 95 
N75  NMLCC2 100 120 100 120 
     
N150  NMLCC1 150 150 165 170 
N150  NMLCC2 150 175 175 195 
     
N225  NMLCC1 225 225 245 245 
N225  NMLCC2 225 225 225 245 
Entries in boldface indicate additional amounts of N. 
a
 Rate adjusted according to leaf color assessment (see Table 2.2).  
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2.3.2 Leaf color measurement 
Color of the midsection of the last fully expanded leaf of six plants at random within 
each plot was assessed with the standardized 4-panel LCC developed by the International 
Rice Research Institute (IRRI) in collaboration with the University of California Cooperative 
Extension (UCCE) (Witt et al., 2005). Leaf color was assessed at the 10-leaf and 12-leaf 
growth stages (Ritchie and Hanway, 1982). A reading of LCC 4.0 was used as the critical 
threshold, below which the crop suffers from N deficiency resulting in significant yield loss 
(Saenong et al. unpublished results). N rates were adjusted according to the mean value for 
each plot averaged over the four replicates. 
 
2.3.3 Calculations and data analysis 
Grain (15.5% moisture) was harvested at maturity from four 3-m rows. The 
agronomic efficiency of N (AEN, in kg grain kg
−1
 N applied) for each plot was calculated 
from the difference in yield from the nil control plots divided by the N application rate 
(Novoa and Loomis, 1981).  
Economic calculations used average regional prices of US$ 0.26 kg
−1
 for maize grain, 
US$ 1.25 kg−1 N for fertilizer and US$ 4.65 day−1 for labor. We allowed 2 person-days ha
−1
 
labor for fertilizer application and 0.25 person days ha
−1
 for the determination of leaf color.  
Gross return above fertilizer cost (GRF, in US$ ha
−1
) is the difference between the 
gross return, calculated by multiplying grain yield with the average grain price, and the total 
cost of applying the fertilizer that include labor costs for leaf color reading and fertilizer 
application. Break-even yield is the yield required to cover the costs of the fertilizer applied.  
Analysis of variance (ANOVA) was used to test N rate and management main effects 
and their interactions on grain yield, AEN, and GRF. Standard errors were used to compare 
differences among treatment means. 
 
2.4 Results 
2.4.1 Fertilizer N adjustment with the LCC 
Based on leaf color evaluation, an additional 10–25 kg N ha−1 was applied at Maros to 
the LCC subplots of the N75 treatment in 2008 and 20–45 kg N ha−1 in the N75 and N150 
treatments in 2009 (Table 2.3). At O Mon, where soil fertility was inherently poorer than at 
Maros (Table 2.1, Table 2.4), 10–25 kg extra N ha−1 was applied in the LCC subplots at all N 
levels in 2008 and 20–45 kg N ha−1 in 2009.  
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In 2008, the LCC treatments stipulated decreased rates of N fertilizer if the LCC 
reading was greater than 4.5. The method did not detect surplus N, however, even in the 
N225 treatment. 
 
2.4.2 Grain yield 
As expected, maize yield responded significantly to the amount of N applied in both 
years at the two sites. Applying the N as three splits gave no yield increase compared with 
two splits (Table 2.4). The LCC-based treatments (NMLCC1 and NMLCC2) significantly 
increased yields. Surprisingly, there was no interaction between N rate and N management 
strategy on grain yield. Nevertheless, compared with the split dressings, the LCC treatments 
gave significant increases in yield at the lower levels of N (Table 2.5). 
 
2.4.3 Agronomic efficiency of N 
The AEN decreased at higher levels of N except at O Mon in 2009 where it just failed 
to reach significance (P = 0.067) (Table 2.6). In 2009, AEN in the NMLCC2 treatment at O 
Mon was significantly less than in the other subplot treatments. In other years there were no 
significant treatment main effects or interaction on AEN (P > 0.05). 
 
2.4.4 Economic analysis 
Increasing rates of applied N significantly increased GRF in both years at both sites (P 
< 0.001) with the highest returns from the N225 treatment (Table 2.7). As with yield, there 
was no difference in GRF between the two- and three-split dressings. The LCC-based 
treatments gave significantly higher profit than the fixed N rate treatments. There were no 
significant interactions. 
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Table 2.4 Responses of grain yield of maize to rates and management of N at Maros and O 
Mon in 2008 and 2009. 
Treatment 
Grain yield (t ha
-1
) 
Maros  O Mon 
2008 2009  2008 2009 
N level (kg N ha
-1
)  
Control 2.8 4.3  1.3 1.4 
75 9.0  9.4  4.5 5.2 
150 12.5  11.7  5.9 7.2 
225 14.1  12.2  7.0 8.3 
SE 0.72***
a
 1.37**  0.93*** 1.72** 
 
N management 
  
 
  
2-split, fixed rate (NM2) 11.2  10.6  5.4 6.6 
3-split, fixed rate (NM3) 11.4 10.5  5.6 6.7 
3-split, LCC1 (NMLCC1)  12.3 11.1  6.0 7.0 
3-split, LCC2 (NMLCC2) 12.6  12.1  6.1 7.3 
Mean of splits (NM2, NM3) 11.3 10.6  5.5 6.6 
Mean of LCC 12.4 11.6  6.1 7.1 
SE 
(Comparison splits with LCC) 
1.17* 
(**) 
0.93** 
(***)  
0.55* 
(**) 
0.36*** 
(***) 
a 
***=P<0.001,**=P<0.01,*=P<0.05, ns=P>0.05.  
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Table 2.5 Grain yield response of maize to N management at three N levels in Maros and O 
Mon in 2008 and 2009. 
N rate N management  
Average grain yield (t ha
-1
) 
Maros  O Mon 
2008 2009  2008 2009 
N75 NM2, NM3 8.2 8.7  4.3 4.8 
 NMLCC1, NMLCC1 9.8 10.1  4.7 5.6 
       
N150  NM2, NM3 11.8 11.2  5.6 6.9 
 NMLCC1, NMLCC1 13.3 12.1  6.2 7.4 
       
N225  NM2, NM3 14.0 11.8  6.6 8.1 
 NMLCC1, NMLCC1 14.2 12.6  7.3 8.5 
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Table 2.6 Responses of agronomic efficiency of maize to rates and management of N at 
Maros and O Mon in 2008 and 2009. 
Treatment 
Agronomic efficiency (kg kg
-1
) 
Maros  O Mon 
 2008 2009  2008 2009 
N level (kg N ha
-1
)  
75 73.9 56.9   38.4  42.2  
150 65.0 47.4   28.8  34.7  
225 50.3 35.3   24.5  29.4  
SE 8.9***
a
 13.1*  9.8* 12.3 ns 
 
N management 
  
 
  
2-split, fixed rate (NM2) 58.7  46.8   30.1  36.9  
3-split, fixed rate (NM3) 62.8  45.8   31.4  37.6  
3-split, LCC1 (NMLCC1)  64.8  47.0   30.3  34.7  
3-split, LCC2 (NMLCC2) 65.9  46.4   30.4  32.4  
Mean of splits (NM2, NM3) 60.7 46.3  30.7 37.3 
Mean of LCC 65.4 46.7  30.4 33.5 
SE 10.6 ns 6.3 ns  5.86 ns   3.1 ** 
(Comparison splits with LCC) (ns) (ns)  (ns) (***) 
a 
***=P<0.001,**=P<0.01,*=P<0.05, ns=P>0.05.  
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Table 2.7 Responses of gross return over fertilizer N cost (GRF) of maize to rates and 
management of N at Maros and O Mon in 2008 and 2009. 
 GRF (US$ ha
-1
) 
Treatment Maros  O Mon 
 2008 2009  2008 2009 
N level (kg N ha
-1
)  
75 2,215.2 2,301.7  1,043.3 1,209.1 
150 3,046.7 2,811.8  1,313.0 1,622.7 
225 3,360.1 2,866.9  1,494.3 1,843.5 
SE 187.7*** 356.0**  241.4** 446.5* 
 
N management 
  
 
  
2-split, fixed rate (NM2) 2,716.8 2,556.3  1,208.7 1,497.1 
3-split, fixed rate (NM3) 2,757.1 2,522.9  1,243.2 1,520.9 
3-split, LCC1 (NMLCC1)  2,972.5 2,672.8  1,321.3 1,583.2 
3-split, LCC2 (NMLCC2) 3,049.6 2,888.7  1,361.0 1,632.3 
Mean of splits (NM2, NM3) 2,737.0 2,539.6  1,226.0 1,509.0 
Mean of LCC 3,011.1 2,780.7  1,341.2 1,607.8 
SE 304.5* 242.5**  143.3 
ns
 93.7** 
(Comparison splits with LCC) (**) (**)  (**) (**) 
a 
***=P<0.001,**=P<0.01,*=P<0.05, ns=P>0.05.  
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2.5 Discussion 
This study was conducted to support the development of N management strategies for 
improving yield of tropical hybrid maize. The LCC proved to be an effective tool in detecting 
the crop’s need for additional N, giving higher yields and increased profit compared with 
fixed rates. The LCC, however, did not help to reduce total fertilizer N applied in the high N 
treatment – either the method does not indicate luxury uptake or, more likely, there was no 
luxury uptake, even at Maros. There was no data on N uptake at Maros during the season to 
resolve this issue, which is a clear need for future work. Under the circumstances of this 
experiment, the LCC is best used in maize as a diagnostic tool to detect N deficiency in the 
crop during the season, rather than indicate the need for less N. It is noteworthy that in the 
fixed-time, adjustable rate approach used in rice, N rates are increased or decreased, 
depending on leaf color (Witt et al., 2007). 
Applying more N during the season whenever LCC readings fall below the critical 
threshold may result in lower AEN compared to the fixed-rate approach, particularly when 
yield with additional fertilizer are small (O Mon in 2009, Table 2.6). Despite the higher N 
rates, this study shows that with good crop and nutrient management, the LCC-based strategy 
still allows for the target AEN of 20–35 kg kg−1 for modern systems of cereal production to 
be achieved (Dobermann, 2007). With typical values of 11–22 kg kg−1 measured in farmers’ 
fields of Southeast Asia (Pasuquin et al., 2010), there are substantial opportunities to increase 
AEN in the region.  
Due to higher input costs for crop monitoring and additional fertilizer application, 
break-even yield may be higher with the LCC-based strategy. However, this should not deter 
farmers from incorporating the LCC into their regular crop management. The additional labor 
cost for two LCC readings during the season is minimal – US$ 2.50 or less than 10 kg grain 
ha
−1
. On the other hand, the opportunity cost from higher grain yield and profit from 
adjusting the rate of N fertilizer during the growing season far outweighs the additional 
investment required to measure leaf color and apply fertilizer.  
Maize farmers in Southeast Asia typically apply fertilizer N at sowing or soon after 
emergence and once or twice more 3–8 weeks later (Gerpacio et al., 2004; Swastika et al., 
2004; Thanh Ha et al., 2004). The experiments conducted during the dry season at Maros and 
O Mon showed that there was no significant advantage in three splits compared with two 
either in grain yield, AEN, or profit. Both sites have medium-textured soils (Table 2.1), 
which have low risk of N leaching. In contrast, Sitthaphanit et al. (2010) and Randall and 
Schmitt (2004) demonstrated the benefit of multiple split applications of N fertilizer in sites 
21 
 
vulnerable to leaching, typically those with sandy soils and high rainfall. Even on less 
vulnerable soils, however, leaching losses from the initial fertilizer dressing in the event of 
heavy rainfall are more likely with two splits than with three. Two splits are therefore more 
risky. 
Maize is commonly a rainfed crop and leaf color can be affected by water-stressed 
conditions.  Haefele et al. (2010) concluded that the LCC can be used in moderately 
unfavorable environments, such as in rainfed rice systems. They found that leaf N and 
chlorophyll concentration were linearly correlated with LCC measurements even in the 
presence of abiotic stresses (i.e. drought, salinity, phosphorus deficiency and sulfur 
deficiency). The estimation of leaf N with the LCC, however, was less precise under stress 
conditions. A similar experiment is needed to evaluate the effect of abiotic stresses on the leaf 
color of maize; nevertheless, precise leaf N estimation is not required for the LCC to be used 
as a decision support tool for N management in rice and maize. As in rice, maize farmers are 
also unlikely to apply significant amounts of fertilizer in areas that frequently experience 
severe drought. Hence, the effect of water stress on the accuracy of leaf N predictions with 
the LCC will be small in moderately unfavorable environments. 
There are other non-destructive methods that can more accurately estimate foliar N 
content, such as digital handheld tools (Lin et al., 2010), multi-spectral sensors (Reyniers et 
al., 2006), hyper-spectral sensors (Li et al., 2014), proximal sensors (Samborski et al., 2009) 
and digital image analysis (Wang et al., 2014). However, unlike the LCC, these are expensive 
and complicated for farmers to use. A mobile device-based rice leaf color analyzer 
(Intaravanne and Sumriddetchkajorn, 2012) has been developed recently to address concerns 
on the accuracy of leaf color reading stemming from the ability of farmers to correctly 
identify the LCC color and the deterioration of the LCC plastic color due to wear and tear. 
 
2.6 Conclusion 
There are opportunities to increase maize yields in Southeast Asia with improved N 
management strategies that take into account the dynamic relationship between soil N supply 
and crop N demand in time and space. The LCC is an effective field-specific tool for maize 
farmers to correct within-season N deficiency of their crop, allowing for increased yield and 
profit. In areas with low risk of nutrient leaching, farmers can opt to apply fertilizer N in 
either two or three splits with no significant effect either on grain yield, AEN, or on profit. In 
the next chapter, these N management strategies will be evaluated in on-farm trials across 
Southeast Asia as part of a site-specific nutrient management (SSNM) approach.  
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CHAPTER III 
ON-FARM EVALUATION OF SITE-SPECIFIC NUTRIENT 
MANAGEMENT FOR HYBRID MAIZE 
 
3.1 Summary 
It is hypothesized that maize yields, profit, and N use efficiencies can be significantly 
increased through site-specific nutrient management (SSNM), thereby reducing yield gaps in 
the region. Through a combined approach of simulation modeling and on-farm research in at 
least 65 sites in 13 major maize-producing domains across Indonesia, Vietnam and the 
Philippines from 2004 to 2008, this study was able to (a) quantify maize yield gaps and yield 
responses to fertilizer application, (b) evaluate the agronomic and economic performance of 
SSNM, and (c) evaluate the incremental profitability of SSNM in various production and 
grain and fertilizer price scenarios. The average exploitable yield gap between the attainable 
yield and current farmers’ yield in Southeast Asia was about 0.9 t ha−1. Yield responses to 
fertilizer application across the region followed the order N > >P > K. Yield response to N 
was higher in irrigated sites than in rainfed sites (6 t ha
−1
 versus 2 t ha
−1
), while P and K 
fertilizer responses were similar across production systems (<2 t ha
−1
). Yield with SSNM was 
1.0 t ha
−1
 (+13%) higher than the current farmers’ fertilizer practice (FFP) measured in the 
same cropping seasons. Yield increases were associated with a 10% decrease in the average 
N rate, but with increased application of K at sites where the previous K rates were low. 
Average N use efficiency increased by 42%, mainly by adjusting the rates and timing of N 
application to the stages of crop development. Across all sites and seasons, profitability 
increased by US$167 ha
−1
 per crop, which was equivalent to15% of the total average net 
return. Opportunities for achieving higher income over the FFP (≥US$100 ha−1 season) were 
greatest in highly favorable rainfed environments; less favorable rainfed areas were 
vulnerable to unfavorable market prices. It is concluded that SSNM has the potential to close 
existing yield gaps in the maize production systems of Southeast Asia by improving yield, 
nutrient use efficiency, and profitability. 
 
3.2 Introduction 
SSNM has been shown to increase yield and profit in rice and wheat (Dobermann et 
al., 2002; Khurana et al., 2008). In the previous chapter, a study was conducted to support the 
development of N management strategies for a site-specific management approach for 
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tropical hybrid maize. Results indicate opportunities to close yield gaps in maize with 
improved N management strategies that take into account the dynamic relationship between 
soil N supply and crop N demand in time and space. 
As farmers strive to close yield gaps in their fields, they are faced with many 
uncertainties and risks that will likely affect their decision to adopt a new promising 
technology (Feder and Umali, 1993; Marra et al., 2003). These uncertainties are typically 
related to climatic variation affecting crop production or to market fluctuations affecting the 
profitability of the innovation. As on-farm research usually does not capture adequately the 
full extent of climatic variability in a location due to the limited time that experiments could 
be continued in the field, crop simulation models, when driven by long-term weather data, are 
excellent tools for assessing weather-induced risks to crop production (Angulo et al., 2012; 
Van Ittersum et al., 2013). Monte Carlo simulation is another useful tool in quantitative risk 
analysis and decision-making. It works by modeling possible outcomes using probability 
distributions for any input factor that has inherent uncertainty. Results show not only the 
outcome, but also the likelihood of that outcome occurring. Scenario analysis allows the 
evaluation of the effect of different combinations of values for different inputs (e.g., yield, 
grain and fertilizer prices) on the outcome (e.g., profit). 
In this study, a combined simulation and on-farm research approach was applied to: 
(1) quantify yield gaps and yield responses to fertilizer application in the major maize 
production systems of Indonesia, the Philippines, and Vietnam, (2) evaluate the agronomic 
and economic performance of SSNM adapted for maize in closing the existing yield gaps, (3) 
evaluate the incremental profitability of SSNM in various production, grain and fertilizer 
price scenarios. 
 
3.3 Materials and methods 
3.3.1 On-farm research approach 
On-farm trials to develop and evaluate SSNM for hybrid maize were conducted for 
three years at major centers of maize production in Indonesia (2004–2007), the Philippines, 
and Vietnam (2005–2008) covering a wide range of agroecological zones in favorable rainfed 
and irrigated maize environments (Fig. 3.1, Table 3.1). Each site was selected to represent a 
large area with similar soils and cropping systems. In each domain, on-farm experiments 
were conducted in at least five farmer’s fields. In general, farmers were selected based on 
their history of good field management, with field sizes of not less than 0.3 ha to 
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accommodate all treatments. At each farm, a single maize field served as the experimental 
unit for all treatments. 
 
3.3.2 Treatments and experimental design 
All on-farm trials followed a standardized experimental protocol described below. 
 
3.3.2.1. Nitrogen omission plot (0-N) 
A 6 m × 6 m plot to which no fertilizer N was applied. Sufficient P and K fertilizer 
were applied (35–52 kg P ha−1 and 75–100 kg K ha−1) to ensure that macronutrients other 
than N did not limit grain yield. This treatment was sampled at each site at harvest during 
year 1 and year 2 to estimate N use efficiencies and the effective indigenous N supply from 
soil, irrigation water, atmosphere, crop residue and manure. 
 
3.3.2.2. Phosphorus omission plot (0-P) 
A 6 m × 6 m plot to which no fertilizer P was applied. Sufficient N and K fertilizer 
were applied (150–200 kg N ha−1; 75–100 kg K ha−1) to ensure that macronutrients other than 
P did not limit grain yield. This treatment was sampled at each site at harvest during year 1 
and year 2 to estimate the effective indigenous P supply from soil, irrigation water, crop 
residue and manure. 
 
3.3.2.3. Potassium omission plot (0-K) 
A 6 m × 6 m plot to which no fertilizer K was applied. Sufficient N and P fertilizer 
were applied (150–200 kg N ha−1 and 35–52 kg P ha−1) to ensure that macronutrients other 
than K did not limit grain yield. This treatment was sampled at each site at harvest during 
year 1 and year 2 to estimate the effective indigenous K supply from soil, irrigation water, 
crop residue and manure. 
 
3.3.2.4. Fully-fertilized plot (NPK) 
A 6 m × 6 m plot to which fertilizer N, P, and K were applied in high doses to ensure 
that nutrients are not limiting grain yield. Fertilizer applied was 150–200 kg N ha−1, 35–52 kg 
P ha
−1
, and 75–100 kg K ha−1. This treatment was sampled at each site at harvest during year 
1 and year 2 to estimate the attainable yield (Yatt), and the yield response and agronomic 
efficiencies to applied fertilizer by comparison with the 0-N, 0-P and 0-K plots. 
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Figure 3.1 Location of on-farm trial sites in Indonesia, Vietnam and the Philippines. 
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Table 3.1 General site characteristics of on-farm trials. 
Site Location, Province, Country 
Geographical coordinates 
# of 
farms
a
 
Agro-
ecosystem 
Cropping system Soil texture and 
constraints, if any 
ANG Tan Chau, An Giang, Vietnam 
10.84°N, 105.19°E 
5-15 Irrigated Maize-maize Silt loam 
BUK Malaybalay, Bukidnon, Philippines 
8.14°N, 125.23°E 
5-10 Rainfed Maize-maize Clay 
DEG
b
 Vinh Phuc & Bac Giang, Vietnam 
21.31°N, 105.85°E 
5 Irrigated Rice-rice-maize Loam  
DAK CuM’gar, Dak Lak, Vietnam 
12.86°N, 108.03°E 
10 Rainfed Maize-maize Sandy loam 
EJA Kediri, East Java, Indonesia 
7.70°S, 112.14°E 
5 Irrigated Rice-maize-maize Sandy loam 
GRO Grobogan, Central Java, Indonesia 
7.10°S, 110.88°E 
5 Irrigated Rice-rice-maize Heavy clay (>75% 
with vertic properties) 
ISA Ilagan, Isabela, Philippines 
17.09°N, 121.88°E 
5-10 Rainfed Maize-maize Loam 
LAM Lampung Tengah, Lampung, Indonesia 
5.16°S, 105.10°E 
5 Rainfed Maize-maize Clay  
SON Mai Son, Son La, Vietnam 
21.06°N, 104.11°E 
5-8 Rainfed Maize-maize Clay loam 
SUL Jeneponto, South Sulawesi, Indonesia 
5.57°S, 119.85°E 
5 Rainfed Maize-maize Silty clay loam 
SUM Tanah Karo, North Sumatra, Indonesia 
3.08°N, 98.24°E 
5 Rainfed Maize-maize Clay loam 
TAY Trang Bang, Tay Ninh, Vietnam 
1.10°N, 106.38°E 
5 Rainfed Maize-maize Loamy sand  
(>70% sand) 
TRA Cau Ke, Tra Vinh, Vietnam 
9.89°N, 106.09°E 
5 Irrigated Maize-rice-rice Clay  
a
 More farm-sites were added in Year 2 or Year 3  
b
 Grey degraded soils of the Red River Delta (Witt et al., 2007)
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3.3.2.5. Site-specific nutrient management plot (SSNM) 
A larger plot (6 m × 24 m) where nutrient applications were prescribed on a field- and 
crop-specific basis following the SSNM approach described below. This treatment was 
established in year 2 and remained at the same location in the field in year 3. This treatment 
was sampled at each site at harvest during year 2 and year 3 to evaluate the performance of 
SSNM in terms of maize productivity, profitability, nutrient use efficiency and nutrient 
balances. 
 
3.3.2.6. Farmers’ fertilizer practice (FFP) 
This is the whole field surrounding the experimental plots. Farmers did all crop and 
fertilizer management with no interference from the researcher. This treatment was sampled 
at each site at harvest in all years to compare with NPK during year 1 and year 2 for the 
estimation of the exploitable yield gap (Yatt −Ya), and in comparison with SSNM in year 2 
and year 3 for the evaluation of yield, N use efficiency and profit. 
 
3.3.3 Agronomic farm management and measurements 
Current best crop management practices, which varied from site to site depending on 
expected constraints to improving yield in farmers’ fields, were implemented in the treatment 
plots. These included changes in planting density or application of manure or lime. Weed and 
pests were controlled to maintain high plant population and minimize yield loss. Field 
management was conducted by the collaborating farmers, but with guidance from 
researchers, particularly in implementing nutrient management, to ensure good control of 
major production factors that impact the crop response to nutrient applications. Varieties used 
were commercially available, modern maize hybrids with high yield potential, good pest and 
drought resistance, with 90–130 days growth duration. Where irrigation was available and a 
common management practice, plots were irrigated following local practices. 
Fertilizer N was applied in the treatment plots (0-P, 0-K, NPK) as urea in three 
relatively equal splits at crop establishment, and at growth stages V6–V8 and V10–V12 
(Ritchie and Hanway, 1982). All fertilizer P was applied as single superphosphate at crop 
establishment. Fertilizer K was applied as muriate of potash at basal (if <60 kg K ha
−1
) or in 
two equal splits at crop establishment and at V10–V12.  
All soil and agronomic data were collected at the single field/single treatment level. 
Soil samples were taken from two depths (0–15 and 15–20 cm) before the first cropping 
season to determine general soil properties. Grain yield was obtained from four rows of 3-m 
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length in the center of each treatment plot, avoiding plot borders at harvestable maturity. A 6-
plant sample was collected at physiological maturity (R6 or black layer stage) to determine 
the components of yield and the harvest index. Two duplicate sampling plots were taken for 
the FFP and SSNM treatments. Grain yield, calculated to take account of row spacing, is 
reported in t ha
−1
 adjusted to standard moisture content of 0.155 g H2O g
−1
 fresh weight. 
 
3.3.4 Determination of fertilizer N, P, and K rates in the SSNM treatment 
Fertilizer N, P, and K rates used in the SSNM treatment were site-specific. During 
year 2 and year 3, fertilizer rates for the SSNM treatments were based on results of the 
nutrient omission plots and NPK plot trials conducted in the previous one or two years. 
Fertilizer N, P, and K rates were determined using the following equation: 
 
where X is one of the three macro-nutrients N, P, or K; FX is the fertilizer nutrient 
requirement to achieve a specified yield target, GY is the grain yield in the fully-fertilized 
NPK plot (t ha
-1
), GY0X is the grain yield (t ha
-1
) in the respective nutrient omission plot, and 
AEX is the target agronomic efficiency (kg kg
-1
). 
The target AEN ranged from 25 to 35 kg kg
-1.  High AEN (≥30) were targeted in 
areas and seasons with high N responses (≥5 t ha-1), while lower AEN (25 kg kg-1) were used 
with N responses of ≤4 t ha-1. Target AEP ranged from 40 to 60 kg grain kg-1 P and target 
AEK ranged from 10 to 20 kg grain kg
-1
 K. Similar to AEN, target AEP and AEK were 
higher with larger yield responses (≥ 2 t ha-1) than with smaller responses (≤ 1 t ha-1).   
As more data (e.g. attainable yield, yield response to fertilizer, agronomic 
efficiencies) were collected, fertilizer N, P, and K rates for the SSNM treatment were 
adjusted. In 2007-2008, fertilizer P rates were estimated by dividing the P response (kg ha
-1
) 
with a target AEP of 57 kg kg
-1
 (i.e., 40 kg P2O5 t
-1
 increase in grain) plus a maintenance rate 
equivalent to 20% of the P removal in the grain and straw. Likewise, fertilizer K rates were 
estimated by dividing the K response (kg ha
-1
) with a target AEK of 30 kg kg
-1
 (i.e., 40 kg 
K2O t
-1
 increase in grain) plus a maintenance rate equivalent to 20% of the K removal in the 
grain and straw. 
Where the total fertilizer N requirement was ≤120 kg N ha-1, urea was applied in two 
equal splits at crop establishment and at V8–V10 stage. Where total fertilizer N requirement 
was >120 kg N ha
-1
, urea was applied in three relatively equal splits at crop establishment, 
and at growth stages V6–V8 and V10–V12. Fertilizer N rates in the SSNM treatment were 
AEX
GYGY
hakgFX X
)(
)( 01


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adjusted within the season based on leaf color chart (LCC) readings. Fertilizer N at the last 
topdressing was adjusted (increased if LCC<4.0; reduced if LCC>4.5) with an additional 10-
15% N applied during V14 to tasseling stage if LCC<4.5. 
 
3.3.5 Evaluation of SSNM 
The sufficiency of the nutrient management strategy with the SSNM approach was 
evaluated using the following indicators: 
a. Minimal limitation to yield indicated by SSNM yield being close to the attainable yield, 
which is the yield achieved with a non-yield limiting nutrient management strategy, such 
as the full NPK treatment plot.  
b. High profitability indicated by higher gross return over fertilizer cost (GRF) compared to 
the FFP. 
c. High N-use efficiency of applied fertilizer (AEN) to ensure effective nutrient uptake and 
high yield with small N losses. 
d. Efficient use of applied P and K where there is a yield response to fertilizer application. 
e. Favorable P and K balances, which indicate little soil P and K mining, acknowledging the 
importance of indigenous P and K sources, such as crop residues, in maintaining soil 
fertility. 
 
3.3.6 Simulation of potential yield 
The DSSAT maize model CSM-IXIM (Lizaso et al., 2011) was used to simulate the 
potential yield of maize in selected trial sites. Because there were no data of daily weather for 
any of the sites, climate normals for each site were extracted from the WorldClim 30 
arcsecond database (Hijmans et al., 2005) using the coordinates in Table 3.1. These data were 
fed into the MarkSim weather generator (Jones et al., 2002) to generate 99 years’ daily 
maximum and minimum air temperatures, precipitation and solar radiation. Simulations were 
run using the four best-adapted cultivars for equatorial latitudes and +500 m elevation from 
the DSSAT database with 95 to 125 days growth duration. Plant population was according to 
local practice at each site. In irrigated sites, simulations commenced on the earliest date of the 
sowing window based on actual planting dates of the on-farm trials. In rainfed sites, 
simulations were started 30 days before the earliest date of the sowing window to allow 
accumulation of rainfall in the soil and sowing was when the specification for soil water 
conditions was met (i.e., 60% available soil water in the top 10 cm). Actual soil information, 
where available, was used as input to the model; otherwise the simulations were run using 
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representative profiles from the International Soils Reference and Information Centre’s 
World Inventory of Soil Emission Potentials (WISE) database (Batjes and Bridges, 1994) or 
from the DSSAT generic soils database, selected by local experts to be representative of the 
actual sites. 
 
3.3.7 Calculations and statistical analysis 
The agronomic efficiency of N (AEN, in kg grain kg
−1
 N applied) in the N-fertilized 
treatments was calculated from the difference in yield from the 0-N plot divided by the N 
application rate (Novoa and Loomis, 1981). Estimated P and K balances were calculated by 
considering inorganic fertilizer application as the only source of P or K input, and the net 
crop removal as the P or K output. Other sources and outputs or losses were not accounted 
for. Net crop removal is the sum of the amount of nutrients removed with the harvested grain 
and the amount of the nutrients removed with the portion of the straw that is taken from the 
field. P removal was estimated using 1.8 kg P t
-1
 grain and 0.7 kg P t
-1
 straw. K removal was 
estimated using 3 kg K t
-1
 grain and 14 kg t
-1
 straw. P and K removal values were based on 
reciprocal internal efficiencies (RIEs) of 2.56 kg plant P per 1000 kg grain and 17.4 kg plant 
K per 1000 kg grain. These RIEs were obtained at 80% of yield potential of a QUEFTS 
model predicted with 14 t ha
−1
 yield potential using a dataset with more than 2000 
observations from irrigated and rainfed maize trials in Nebraska, USA, Indonesia, and 
Vietnam (Setiyono et al. 2010). In the analysis of P and K balances, only data with a harvest 
index >0.40 were included as a low HI could indicate conditions restricting plant growth such 
as drought, lodging, pests, diseases or low solar radiation during grain filling (Witt et al., 
1999). 
Economic calculations were made using US$ as standard currency 
TFC = PNFN + PPFP + PKFK  (1) 
GRF = PMYM – TFC  (2) 
where TFC is the total fertilizer cost ($ ha
-1
), GRF the gross return above fertilizer 
cost ($ ha
-1
), PN the price of N fertilizer ($0.71 kg
-1
 N), FN the amount of N applied (kg N ha
-
1
), PP the price of P fertilizer ($2.03 kg
-1 
P), FP the amount of P applied (kg P ha
-1
), PK the 
price of K fertilizer  ($0.98 kg
-1
 K), FK the amount of K applied (kg K ha
-1
), PM the price of 
maize grain ($0.18 kg
-1
), and YM the maize yield (kg ha
-1
). All prices used were average 
regional prices surveyed at all sites from 2004-2007. By using average regional prices, 
analysis is focused on differences across sites that are due to the technology itself. The 
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incremental profitability of SSNM (ΔGRF, $ ha-1) was measured as the difference in gross 
returns above fertilizer costs between the SSNM and FFP treatments: 
ΔGRF = GRFSSNM – GRFFFP   (3) 
 Pairwise treatment differences between SSNM and FFP measured at each site during 
year 2 and year 3 were subjected to analysis of variance (ANOVA) using the Mixed 
Procedure in JMP version 8 (SAS Institute, 2009). Site effect was tested against farm within 
site as error term. Crop-Year and Site x Crop-Year effects were tested against the residual. 
Since the Crop-Year effect was not significant for all parameters in this study, the average 
data for Year 2 and Year 3 for grain yield, fertilizer use, TFC and GRF were tabulated. The 
level of significance used was 5% (P = 0.05). 
 
3.3.8 Risk analysis 
To assess the variability of expected incremental profit from the adoption of SSNM, a 
scenario analysis using Monte Carlo simulation (@Risk v.6.1, Palisade) was run for different 
price scenarios and production environments based on the gross margin model as described in 
equations 1, 2, and 3. Means and standard deviations for yield and fertilizer N, P, K rates in 
the SSNM treatment and in the FFP were used as input variables following a normal 
distribution function to account for the variability in fertilizer use and yield in both treatments 
across sites. The simulations were run for three maize grain and fertilizer price scenarios: (1) 
Average price scenario following the regional prices used in the economic analysis, (2) Low 
price scenario, i.e., 25% lower than average prices, (3) High price scenario, i.e., 25% higher 
than average prices. 
 
3.4 Results 
3.4.1 Variability of simulated potential and water-limited yields 
Simulated Yp in irrigated sites ranged between 12 and 14 t ha
-1
, except for DEG and 
TAY which had a similar mean Yp of about 9.5 t ha
-1
 (Fig. 3.2). Compared to Yp, Yw was 
more variable between and within sites, clearly demonstrating the pronounced effect of 
precipitation on yield. Mean Yw values ranged from 7.0 t ha
-1
 (SUL) to 14 t ha
-1
 (BUK), and 
from 6 t ha
-1
 to 13 t ha
-1
 in DAK (50% of the cases). In sites where Yw was less variable 
(SUM, BUK, and SON), Yw was similar to Yp indicating that these are highly favorable 
rainfed environments. Where Yw was highly variable (LAM, SUL, ISA, and DAK), the 
median Yw was still relatively high, ranging between 6 t ha
-1
 and 10 t ha
-1
. However, 1 in 
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every 5 seasons in these sites run the risk of very low yields due to severe water limitat ions 
(i.e., seasons with 40% or more below the average yield) (Fig. 3.3).  
The variability of total rainfall in the rainfed sites during the growing season are 
shown in Fig. 3.4. SUL and ISA have the lowest total rainfall among the sites, with median 
values of less than 800 mm. LAM and BUK have a similar mean total rainfall of around 900 
mm, but LAM has a wider interdecile range of 600-1200 mm compared to BUK (700-1100 
mm). DAK has the highest rainfall variability with total precipitation ranging from 600 mm 
to 1200 mm (50% of the cases). SUM and SON have the highest mean total rainfall of around 
1000 mm, with only a 10% probability of having less than 800 mm of rainfall during the 
growing season. Maize requires about 500-800 mm of rainfall for maximum production 
(FAO, 2013). Based on Figures 3.2 to 3.4, SUM, BUK and SON were categorized as highly 
favorable rainfed sites, and LAM, SUL, ISA and DAK as less favorable rainfed sites with 
potential risks of crop failure due to low or variable rainfall. 
 
3.4.2 Exploitable yield gaps and yield response to fertilizer application (Year 1 and 
Year 2) 
The average Yatt measured in the NPK treatment across sites during Year 1 and Year 
2 was 8.1 t ha
-1
 and ranged from 5.9 t ha
-1
 in TAY and 10.8 t ha
-1
 in EJA (Table 3.2). Ya 
measured in the FFP plot during the same period averaged 7.2 t ha
-1
 across all sites and 
ranged from 4.3 t ha
-1
 in TAY and 10.2 t ha
-1
 in EJA. Yatt was 8.3 t ha
-1
 in irrigated areas, 8.2 
t ha
-1
 in highly favorable rainfed sites, and 7.8 t ha
-1
 in less favorable rainfed sites. Average 
Ya was 7.6 t ha
-1
 in irrigated sites, 7.2 t ha
-1
 in highly favorable rainfed sites and 6.6 t ha
-1
 in 
less favorable rainfed sites.  The exploitable yield gap (Yatt-Ya) varied widely among the 
different sites, ranging from 0.2 t ha
-1
 (DEG) and 1.6 t ha
-1
 (SUM).  On average, the 
exploitable yield gap was largest in the less favorable rainfed sites (1.1 t ha
-1
) and smallest in 
irrigated sites (0.7 t ha
-1
). Across the region, the exploitable yield gap was 0.9 t ha
-1
 indicating 
substantial opportunities to further increase maize yield and production. 
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Figure 3.2 Variability in potential (Yp) and water-limited (Yw) yields in 13 maize growing 
sites in Indonesia, Vietnam and the Philippines, as simulated by DSSAT maize model CSM-
IXIM. Boxes (with solid line at the median and dashed line at the mean) include 50% of all 
cases; error bars define the 10th and 90th percentiles; bullets show 5th and 95th percentiles. 
Simulations were run using 99 years of MarkSim-derived daily weather data.  
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Figure 3.3 Cumulative probability distribution of % yield deviation from the mean Yp and 
Yw in Indonesia, the Philippines and Vietnam as simulated by DSSAT maize model CSM-
IXIM. Simulations were run using 99 years of MarkSim-derived daily weather data. 
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Figure 3.4 Variability of total rainfall during the growing season in 7 maize-growing rainfed 
sites in Indonesia, Philippines, and Vietnam. Boxes (with solid line at the median and dashed 
line at the mean) include 50% of all cases; error bars define the 10th and 90th percentiles; 
bullets show 5th and 95th percentiles. Data are 99 years of MarkSim-derived daily rainfall 
data. 
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Table 3.2 Attainable yield (Yatt) based on the NPK plot, actual yields (Ya) based on the FFP 
plot and exploitable yield gaps (Yatt-Ya) at 13 sites in Southeast Asia and at different 
production environments. 
Site
a  n 
Yatt  Ya  Yatt-Ya 
Mean ± SD (t ha
-1
) 
ANG
1 20 9.0 ± 0.6 (74)b  8.3 ± 0.7  0.7 ± 0.2 
BUK
2 18 7.4 ± 1.9 (55)  6.7 ± 1.9  0.7 ± 1.8 
DAK
3 20 7.1 ± 1.0 (76)  6.3 ± 1.1  0.7 ± 0.8 
DEG
1 10 7.0 ± 1.6 (75)  6.8 ± 1.5  0.2 ± 1.9 
EJA
1 5 10.8 ± 0.9 (79)  10.2 ± 1.2  0.6 ± 0.6 
GRO
1 10 9.6 ± 2.1 (74)  9.1 ± 1.8  0.4 ± 1.9 
ISA
3 22 8.3 ± 2.3 (92)  7.0 ± 1.8  1.3 ± 1.6 
LAM
3 10 8.3 ± 1.5 (110)  6.7 ± 1.0  1.5 ± 1.0 
SON
2 15 8.1 ± 1.5 (65)  7.2 ± 1.5  0.8 ± 1.1 
SUL
3 8 7.5 ± 1.4 (110)  6.3 ± 1.5  1.2 ± 1.8 
SUM
2 10 9.7 ± 1.7 (78)  8.1 ± 1.5  1.6 ± 0.8 
TAY
1 9 5.9 ± 0.5 (62)  4.3 ± 1.0  1.5 ± 0.7 
TRA
1 10 8.2 ± 2.6 (71)  7.3 ± 2.3  0.9 ± 1.3 
       
1
Irrigated 64 8.3 ± 2.0  7.6 ± 2.1  0.7 ± 1.2 
2
Highly favorable rainfed 43 8.2 ± 1.9  7.2 ± 1.7  0.9 ± 1.4 
3
Less favorable rainfed 60 7.8 ± 1.8  6.6 ± 1.4  1.1 ± 1.3 
All 167 8.1 ± 1.9  7.2 ± 1.8  0.9 ± 1.3 
a 
Number after the site code refers to the production environment classification. 
b
 Number in parenthesis indicate % of long-term average Yp or  Yw.  
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Except for TAY, Yatt in irrigated sites were more than 70% of the long-term average 
Yp simulated by the DSSAT CSM-IXIM maize model. EJA, for example, appears to be at 
80% of the site yield potential, indicating that incremental yield increases in this site would 
require greater amount of nutrients. The low Yatt measured in DEG are indicative of soil-
related limitations other than N, P, or K (Table 3.3). Degraded soils of light or gray color, 
such as those in this site, cover about 3 million ha in Vietnam with 132,000 in the Red River 
Delta. These soils are generally characterized as low in soil fertility because of their parent 
material and nutrient losses caused by leaching and intensive cropping (Witt et al., 2007). 
Soil test results for this site indicated very low levels of exchangeable Mg (0.08 cmol kg
-1
) 
and Ca (0.28 cmol kg
-1
). This agrees with research done by Son et al. (2004) where they 
found low soil pH and multiple nutrient stresses, including N, P, K, Mg, and possibly Ca 
deficiencies, at selected sites in the region. Increasing the Yatt in this site would require the 
simultaneous correction of micronutrient deficiencies and other nutrient imbalances (IPNI, 
unpublished). The low Yatt in TAY could indicate that current local best practices may not 
yet be optimal to manage soil-related constraints (very sandy soils; Table 3.1) and would 
require further fine-tuning. On the other hand, Yatt in GRO was among the highest despite 
the unfavorable physical soil properties in this site (heavy clay with vertic properties; Table 
1). This, together with the small exploitable yield gap, is indicative of optimal crop 
management practices. 
Yatt in rainfed sites were between 55% and 110% of the average Yw. Because actual 
rainfall data were not available, it could only be surmised that weather was very favorable at 
SUL and LAM during the on-farm trials, such that Yatt were above the median of simulated 
Yw. In contrast, the trials in BUK and SON were affected by a long dry spell early in the 
season of 2006 and 2007, which could have resulted in average Yatt that were only 65% or 
less of the sites’ Yw. 
In general, yield response to fertilizer application followed the order N>>P>K (Fig. 
3.5). Average yield response to N was higher in irrigated sites (6 t ha
-1
) than in rainfed (<4 t 
ha
-1
), while the response to P and K fertilizer were similar (<2 t ha
-1
). Measured yield 
responses at each site were used to calculate the domain-specific fertilizer N, P, and K rates 
for the SSNM treatment in the subsequent season. 
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Table 3.3 Variation of initial soil fertility characteristics at 13 sites in Southeast Asia. Values 
shown are site means and coefficients of variation (CV (%), in parenthesis) among 5-10 
farms within each domain. 
Site Organic C 
(%) 
pH 
(1:1 H2O) 
CEC 
(cmol kg
-1
) 
Total N 
(%) 
Extractable P
a
 
(mg kg
-1
) 
Extractable K
b
 
(cmol kg
-1
) 
ANG 0.8 (18) 6.1 (8) 10.1 (16) 0.11 (10) 131.2 (17)
c
 0.08 (20) 
BUK 2.5 (8) 6.1 (14) 20.9 (14) 0.24 (14) 4.7 (49) 0.61 (83) 
DAK 2.0 (13) 5.5 (4) 24.7 (19) 0.15 (6) 90.3 (58)
c
 0.42 (70) 
DEG 1.4 (25) 6.2 (3) n.a.
d
 0.13 (22) 86.4 (41)
c
 0.44 (30) 
EJA 0.9 (36) 6.4 (5) 16.1 (58) 0.06 (0) 20.7 (52) 0.27 (100) 
GRO 0.8 (20) 7.8 (1) 44.4 (4) 0.06 (20) 5.6 (35) 0.33 (11) 
ISA 1.1 (36) 6.1 (10) 29.1 (18) 0.13 (39) 10.4 (61) 0.63 (44) 
LAM 1.2 (40) 5.0 (7) 10.9 (36) 0.09 (1) 17.3 (56) 0.19 (85) 
SON 2.6 (27) 5.6 (10) 19.3 (16) 0.23 (16) 1.8 (47)
 c
 0.40 (20) 
SUL 1.3 (22) 4.8 (10) 19.0 (7) 0.10 (1) 28.7 (82) 0.50 (90) 
SUM 1.0 (12) 5.6 (12) 10.1 (38) 0.08 (14) 41.9 (47) 0.85 (43) 
TAY 0.7 (2) 4.9 (11) 3.1 (9) 0.08 (3) 178.5 (33)
 c
 0.09 (8) 
TRA 2.3 (39) 4.9 (5) 19.9 (28) 0.19 (44) 57.1 (55) 0.41 (58) 
a
  0.03 N NH4-F + 0.025 N HCl extractable P (Bray-1 P) 
b
 1 N NH4-acetate extractable K at pH 7 
c
 Bray-II was used. 
d
 Not available 
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Figure 3.5 Variation in yield response to applied fertilizer N, P, and K in three maize 
production environments. Boxes (with solid line at the median and dashed line at the mean) 
include 50% of all cases; error bars define the 10th and 90th percentiles; bullets show 5th and 
95th percentiles.  
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3.4.3 Agronomic performance of SSNM 
3.4.3.1. Comparison with fully fertilized NPK treatment (Year 2) 
The agronomic performance of the fully fertilized NPK treatment and the SSNM 
treatment is summarized in Table 3.4. The average grain yield attained with SSNM was 
slightly lower (0.10 t ha
-1
) than NPK, but the difference was not significant (P = 0.127). 
Fertilizer N, P, and K rates in the SSNM treatments were lower than in the NPK; the yield 
difference between the two treatments is suspected to be related to the amount and/or timing 
of N applied rather than the fertilizer P and K rates. The NPK treatment received an average 
of 192 kg N ha
-1
 while the SSNM treatment was applied with 165 kg N ha
-1
. Fertilizer N, P, 
and K were applied at high rates in NPK treatments to ensure that they did not limit yield. On 
the other hand, fertilizer rates in the SSNM treatment were estimated based on data (i.e., 
attainable yield and yield response to fertilizer application) from the nutrient omission plot 
trials, which resulted in lower rates than those for the NPK treatment. Consequently, the 
actual AEN, AEP, and AEK were slightly higher in the SSNM than in the NPK treatment. 
Agronomic efficiencies are low because the dataset included cases with low or no yield 
responses. 
 
3.4.3.2. Comparison with FFP (Year 2 and Year 3) 
3.4.3.2.1. Grain yield 
Across all sites, average grain yields in the SSNM increased by 1.0 t ha
-1
 (+13%, 
P < 0.001) over the FFP (Table 3.5). SSNM significantly increased grain yield in 85% of the 
cases with maximum increases in SUM (+31%), TAY (+21%) and DAK (+21%). Yields 
increased less than 0.5 t ha
-1
 at DEG, EJA, GRO and SUL and failed to reach significance. 
Yields in these sites could be limited by other constraints, such as water (SUL), 
micronutrients (DEG), unfavorable soil physical properties (GRO), or yield stagnation as 
yield levels approach the site yield potential (EJA). With the exception of SUL and EJA, 
SSNM yields were able to approach or surpass the target yield (i.e., average yield in the NPK 
plot in the previous 2 years). 
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Table 3.4 Agronomic performance and fertilizer rates (N, P, K) in the SSNM and fully fertilized plots of the omission plot trials (NPK) across 13 
regions in Southeast Asia (n = 70 farms). 
Parameter Unit 
NPK  SSNM 
Mean SD  Mean SD 
Grain yield t ha
-1
 8.3 1.8  8.2 1.5 
Straw yield t ha
-1
 7.5 2.7  7.7 3.3 
Harvest index
a
 kg kg
-1
 0.45 0.08  0.45 0.09 
Fertilizer N kg ha
-1
 192 14  165 31 
Fertilizer P kg ha
-1
 44 6  37 14 
Fertilizer K kg ha
-1
 99 16  75 35 
AEN
b
 kg kg
-1
 21 14  23 14 
AEP
b
 kg kg
-1
 31 28  36 30 
AEK
b
 kg kg
-1
 11 11  13 14 
a
 Harvest index is the proportion of economic yield to total biomass 
b
 AEN, AEP, AEK are the agronomic efficiency of applied N, P, and K, respectively   
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Table 3.5 Effect of site-specific nutrient management (SSNM) on grain yield and fertilizer applied to maize in 13 sites in Southeast Asia. Values 
shown are based on measurements from 5 to 15 farms in each site. 
Site SSNM FFP Δa P > |T|a  SSNM FFP Δ P > |T|  SSNM FFP Δ P > |T|  SSNM FFP Δ P > |T|  SSNM FFP Δ P > |T 
Grain yield (t ha-1)  N fertilizer applied (kg ha-1)  P fertilizer applied (kg ha-1)  K fertilizer applied (kg ha-1)  AEN (kg kg
-1) 
ANG 8.6 8.0 0.6 <0.001  191 182 9 0.002  45 37 8 <0.001  69 59 10 0.027  26 24 2 0.003 
BUK 9.3 8.3 1.0 <0.001  127 99 28 <0.001  22 7 15 <0.001  38 23 15 <0.001  17 14 3 0.262 
DAK 7.4 6.1 1.3 <0.001  141 121 20 0.039  40 40 0 0.958  98 59 39 <0.001  18 13 5 0.013 
DEG 6.5 6.2 0.3 0.214  183 218 -35 0.065  34 75 -41 <0.001  71 96 -25 0.082  24 19 5 0.065 
EJA 9.5 9.2 0.3 0.290  173 277 -104 <0.001  19 16 4 0.222  53 8 45 <0.001  22 10 12 0.007 
GRO 9.8 9.3 0.5 0.316  198 251 -53 0.117  27 35 -8 0.441  35 27 8 0.488  44 35 9 0.172 
ISA 8.7 7.7 1.0 0.013  145 120 25 0.001  27 12 15 <0.001  56 23 33 <0.001  21 18 3 0.019 
LAM 9.4 7.9 1.5 <0.001  140 207 -67 <0.001  33 16 17 0.008  108 27 81 0.001  24 10 14 <0.001 
SON 8.6 7.5 1.1 0.006  116 160 -44 <0.001  40 45 -5 0.340  97 81 16 0.001  31 14 17 <0.001 
SUL 6.4 6.2 0.2 0.495  144 133 11 0.370  31 0 31 0.001  56 0 56 0.004  17 13 4 0.116 
SUM 11.1 8.5 2.6 <0.001  158 189 -31 <0.001  37 42 -5 0.245  83 131 -49 <0.001  49 31 18 <0.001 
TAY 6.4 5.3 1.1 <0.001  130 194 -64 <0.001  54 42 12 0.002  125 123 1 0.815  32 17 15 <0.001 
TRA 8.3 7.5 0.9 0.030  200 229 -29 0.004  22 32 -10 0.025  41 46 5 0.020  39 28 11 0.036 
Allb 8.6 7.6 1.0 <0.001  158 175 -17 <0.001  34 31 3 0.087  71 56 15 <0.001  27 19 8 <0.001 
a
 Δ = SSNM – FFP; P>|T|: probability of a significant mean difference between SSNM and FFP 
b
 All: Combined data averaged for 13 sites and 2 years (Year 2 and Year 3). 
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3.4.3.2.2. Fertilizer use 
On average, SSNM saved a significant amount of fertilizer N (17 kg ha
-1
, 10%) 
compared with FFP (Table 3.6). Fertilizer N use was reduced in 62% of the cases with 
highest reduction in EJA (104 kg N ha
-1
, -38%), TAY (64 kg N ha
-1
, -33%), and LAM (67 kg 
N ha
-1
, -32%). Where fertilizer N use in the SSNM plot was higher compared to the FFP, 
additional N applied in the SSNM treatment was less than 30 kg N ha
-1
. In contrast, average P 
fertilizer application remained the same in both SSNM and FFP treatments. Fertilizer P use in 
the SSNM treatment was lower than in the FFP in half of the sites, with highest reduction in 
DEG (-41 kg P ha
-1
, -55%). More P was applied in the SSNM treatment in SUL (+31 kg P ha
-
1
), LAM (+17 kg P ha
-1
), BUK and ISA (+15 kg P ha
-1
). Fertilizer K application was 
significantly higher in the SSNM treatment (15 kg K ha
-1
, +27%). In 77% of the cases, more 
fertilizer K was applied in the SSNM, with highest additional applications in EJA (45 kg K 
ha
-1
, +563%) and LAM (81 kg K ha
-1
, +300). The prevalence of single-source fertilizers (i.e., 
urea, SP36, ZA, and KCl) in Indonesia may have contributed to the imbalanced application of 
N, P, and K in the country. 
 
3.4.3.2.3. N use efficiency 
SSNM had a significantly higher N use efficiency compared to the FFP (Table 
3.5). Average AEN under SSNM was 27 kg kg
-1
 compared to 19 kg kg
-1
 in the FFP in the 
same season, which is an increase of 42% relative to the FFP. AEN measured in the SSNM 
plots were well above the proposed target value of 25 kg kg
-1
 for well-managed maize 
systems (Dobermann, 2007). SSNM significantly increased AEN in 69% of the sites, where 
in more than half of these cases increases in AEN over the FFP were large (>10 kg kg
-1
). 
Large reductions in total fertilizer N use with SSNM contributed to the overall higher AEN 
compared to FFP. A more balanced NPK nutrition in the SSNM might have also led to 
increases in AEN through more vigorous plant growth and greater resistance to diseases. 
Although the effects of LCC on the frequency of N application and AEN in the SSNM plots 
were not investigated separately, improvement in AEN due to increased frequency of N 
applications from LCC use may be expected in sites with light-textured soils (Sitthaphanit et 
al., 2010). 
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Table 3.6 Effect of site-specific nutrient management (SSNM) on total fertilizer cost (TFC) 
and gross return above fertilizer cost in maize in 13 sites in Southeast Asia. Values shown are 
based on measurements from 5 to 15 farms in each site. 
Site  SSNM FFP Δa P > |T|a  SSNM FFP Δ P > |T| 
 TFC
b
 (US$ ha
-1
)  GRF (US$ ha
-1
) 
ANG  296 263 33 <0.001  1224 1159 64 <0.001 
BUK  173 108 65 <0.001  1480 1364 116 0.012 
DAK  278 225 53 0.001  1033 862 171 <0.001 
DEG  269 402 -133 <0.001  891 710 181 0.003 
EJA  214 236 -22 0.142  1479 1402 77 0.138 
GRO  230 276 -46 0.159  1510 1374 136 0.210 
ISA  213 133 81 <0.001  1337 1232 105 0.094 
LAM  273 207 66 0.020  1391 1195 196 <0.001 
SON  260 285 -25 0.016  1276 1049 227 0.004 
SUL  219 94 124 0.001  910 1001 91 0.169 
SUM  269 348 -79 <0.001  1702 1162 540 <0.001 
TAY  325 344 -19 0.190  814 597 217 0.001 
TRA  227 273 -46 0.003  1255 1054 201 0.013 
All
c
  251 243 8 0.201  1277 1110 167 <0.001 
a
 Δ = SSNM – FFP; P>|T|: probability of a significant mean difference between SSNM and 
FFP 
b
 Based on average regional prices during 2004-2007. 
c 
All: Combined data averaged for 13 sites and 2 years (Year 2 and Year 3).  
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3.4.3.2.4. Profitability 
Average TFC was lower with SSNM than FFP in 54% of the sites (Table 3.6). 
However, across regions, SSNM had a slightly higher TFC (US$8 ha
-1
, +3%, P>0.05) than 
FFP, due mainly to higher fertilizer K application in the SSNM treatment. Among regions, 
the largest increase in TFC was at SUL (US$124, +132%), where farmers typically do not 
apply fertilizer P and K to their maize crop. In contrast, the largest decrease in TFC with 
SSNM was in DEG (US$133, -33%), where the FFP received more fertilizer, particularly P.  
On average, across all regions, SSNM increased profitability by US$167 ha
-1
 (+15%) 
over the FFP. Largest % increase in GRF was observed in SUM (US$540 ha
-1
, +46%), TAY 
(US$217 ha
-1
, +36%), and DEG (US$181 ha
-1
, +25%). Non-significant increase in GRF was 
found in EJA, SUL, GRO, and in ISA where it just failed to reach significance (P > 0.09). 
The calculation of ΔGRF (Eq. 3) implicitly assumes that the only difference in crop 
management between SSNM and FFP is different quantities of nutrients and different timing 
of a constant number of applications so that all other management practices and quantities of 
input use are held constant. Additional labor costs associated with using the LCC and the 
extra top-dressing of N were not considered in the calculation of profitability. Nevertheless, 
assuming that 0.25 man-days ha
-1
 is needed to gather information about crop N status and 0.5 
man-days to apply fertilizer N on 1 ha, the additional cost of US$5 day
-1
 – assuming two  
LCC readings and one additional N top-dressing at US$5 day
-1
 labor cost – will still be 
smaller than the increase in GRF. 
 
3.4.3.3.  P and K balance (Year 2 and Year 3) 
Where yield response to fertilizer P application was ≥ 0.5 t ha-1, the average P 
response was 1.7 t ha
-1
; the average fertilizer P application was 36 kg P ha
-1
, and the average 
AEP was 53 kg kg
-1
 (Table 3.7). The interquartile range of P responses was from 0.9 t ha
-1
 to 
2.1 t ha
-1
 with AEP of 30-66 kg grain kg
-1
 P. The estimated P balance per crop ranged from -
17 to +45 kg P ha
-1
 with 76% of the fields having a positive P balance. This suggests that the 
fertilizer P rates used in the SSNM treatment were sufficient to overcome P deficiencies and 
to build up the native soil P fertility in most cases.  
Of the 178 maize fields where yield response to fertilizer K application was measured 
together with the SSNM treatment, only 28% showed K responses ≥ 0.5 t ha-1, but with a 
maximum of 4.7 t ha
-1
 and an average of 1.9 t ha
-1
 (Table 3.7). Fertilizer K application ranged 
from 33 kg K ha
-1
 to 158 kg K ha
-1
 with an average of 89 kg K ha
-1
. The AEK ranged from 7 
kg kg
-1
 to 82 kg kg
-1
, with an interquartile range of 14-30 kg kg
-1
. Assuming that most of the 
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straw is retained in the field after harvest (e.g., 80% straw returned), the K balance per crop 
would range from -27 to +118 kg K ha
-1
 with 92% of the cases having a positive balance. 
However, 62% of the cases would have a negative K balance if most of the straw is removed 
from the field (e.g., 20% straw returned). This suggests the inevitable depletion of the native 
soil K fertility if crop residues are consistently removed at harvest. Farmers’ crop residue 
management varies widely within the region. In the Philippines, for example, incorporating 
crop residues into the soil is practiced only where land preparation is mechanized (Gerpacio 
et al., 2004). In Indonesia, farmers use green leaves for livestock fodder and the dry stems, 
cobs, and husks for fuel. Burning of crop residues in the field is also a common practice 
(Swastika et al., 2004). Hence, a more frequent assessment of the K-limited yield to 
determine appropriate K requirements may be needed when full straw removal is regularly 
practiced. In contrast, the amount of straw returned has minimal effect on the P balance 
because of the low concentration of P in the straw (0.7 kg P t
-1
 straw). 
 
3.4.4 Risk Analysis 
The probabilities of achieving higher profit from the adoption of SSNM (ΔGRF, 
Eq.3) under different production environments and price scenarios are shown in Table 3.8. 
The greatest opportunity for attaining high incremental profit with SSNM was in the 
favorable rainfed areas. Regardless of fertilizer prices, the likelihood of earning >US$100 
over the FFP (Buresh et al., 2013) in this production environment ranged from 60%, when 
grain price was low, to almost 70%, when grain price was high. Irrespective of grain and 
fertilizer prices, the risk of income loss from SSNM (i.e., ΔGRF<$0) was <30%. In the 
irrigated and less favorable rainfed areas, there was about 40% probability of earning less 
than the FFP. Despite the favorable production environment in irrigated sites, there was only 
about a 50% chance of earning >US$100 over the FFP due to the small yield gap between 
SSNM and FFP (Table 3.5). Interestingly, unfavorable fertilizer prices improved the 
probability of having higher incremental gain from SSNM because of the higher fertilizer 
application rates in the FFP. In less favorable rainfed areas, grain and fertilizer prices had a 
marked effect on the profitability of SSNM. There was a 45% chance of income loss from 
SSNM when maize grain price was low and fertilizer prices were high.  On the other hand, 
given favorable grain and fertilizer prices, the probability of earning significantly more than 
the FFP in this environment was almost 60%. 
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Table 3.7 Agronomic performance of maize and estimated P and K balance using the SSNM approach in farmers’ fields with yield response to 
fertilizer P ≥ 0.5 t ha-1 across 13 regions in Southeast Asia. Removal values were based on RIEs obtained at 80% of yield potential of a QUEFTS 
model predicted with 14 t ha
−1 
yield potential (Setiyono et al., 2010). Data with HI < 0.4 were excluded. 
 Unit Mean SD Min 10
th 
percentile 
25
th 
percentile 
Median 75
th 
percentile 
90
th 
percentile 
Max 
Farmers’ fields with yield response to fertilizer P ≥ 0.5 t ha-1 (n=71) 
Grain yield t ha
-1
 8.7 1.8 4.2 6.5 7.5 8.4 9.9 11.4 12.0 
Straw yield t ha
-1
 6.7 2.0 1.7 4.3 5.6 6.7 7.8 8.8 12.5 
Harvest index kg kg
-1
 0.49 0.06 0.40 0.43 0.45 0.48 0.52 0.53 0.72 
Yield response to fertilizer P t ha
-1
 1.7 0.9 0.6 0.7 0.9 1.7 2.1 2.8 4.7 
Fertilizer P kg ha
-1
 36 13 5 22 26 39 44 55 64 
AEP kg kg
-1
 53 36 13 21 30 40 66 103 210 
P balance
a
 kg ha
-1
 12 14 -17 -8 1 13 20 32 45 
           
Farmers’ fields with yield response to fertilizer K ≥ 0.5 t ha-1 (n=50) 
Grain yield t ha
-1
 8.7 1.9 4.2 6.4 7.4 8.6 10.0 11.4 12.0 
Straw yield t ha
-1
 6.6 2.2 1.7 4.1 5.5 6.6 7.7 8.9 12.5 
Harvest index kg kg
-1
 0.49 0.06 0.40 0.43 0.45 0.49 0.52 0.54 0.72 
Yield response to fertilizer K t ha
-1
 1.9 1.0 0.5 0.8 1.2 1.6 2.3 3.1 4.7 
Fertilizer K kg ha
-1
 89 29 33 50 66 83 110 125 158 
AEK kg kg
-1
 23 15 7 9 14 18 30 41 82 
K balance
b 
(20% straw returned) kg ha
-1
 -11 43 -116 -56 -38 -8 23 37 72 
K balance
 
(80% straw returned) kg ha
-1
 44 33 -27 7 15 46 68 88 118 
a
 P balance = fertilizer P applied – P removal in grain and straw. P removal was estimated using 1.8 kg P/t grain and 0.7 kg P t -1 straw at 50% 
removed. 
b
 K balance = fertilizer K applied – K removal in grain and straw. K removal was estimated using 3 kg K/t grain and 14 kg K t -1 straw removed.   
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Table 3.8 Probability of higher incremental profit with SSNM (ΔGRF, US$ ha-1) at three levels of maize grain and fertilizer price scenarios and 
three production environments. 
Maize 
price 
scenario
a
 
Fertilizer 
price 
scenario
a
 
ΔGRF at  
irrigated sites 
 ΔGRF at  
favorable rainfed sites 
 ΔGRF at  
less favorable rainfed sites  
<$0 >$100 >$200  <$0 >$100 >$200  <$0 >$100 >$200 
  ---------------------------------------------------- Probabilities -------------------------------------------------------- 
Low 
Low 0.39 0.48 0.35  0.28 0.62 0.51  0.39 0.49 0.36 
Average 0.38 0.49 0.37  0.28 0.62 0.52  0.42 0.46 0.34 
High 0.38 0.50 0.38  0.28 0.62 0.53  0.45 0.43 0.32 
Average 
Low 0.40 0.50 0.40  0.28 0.64 0.58  0.37 0.54 0.44 
Average 0.39 0.51 0.42  0.28 0.65 0.57  0.39 0.52 0.42 
High 0.38 0.52 0.43  0.27 0.66 0.58  0.40 0.49 0.40 
High 
Low 0.40 0.52 0.45  0.28 0.66 0.60  0.36 0.57 0.49 
Average 0.40 0.53 0.45  0.28 0.66 0.61  0.37 0.55 0.48 
High 0.38 0.54 0.46  0.27 0.67 0.61  0.39 0.54 0.45 
a
Average = average regional prices during 2004-2007; Low = 25% lower than average price scenario; High = 25% higher than average price scenario 
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3.5 Discussion 
This study was conducted to identify and quantify constraints to maize production in 
Southeast Asia, and to evaluate the performance of a site-specific approach in closing yield 
gaps due to nutrient limitations. Results suggest large opportunities to further increase maize 
production in the region with average exploitable yield gaps measured in farmers’ fields 
ranging from 0.7 t ha
-1
 at irrigated sites to 1.1 t ha
-1
 in less favorable rainfed environments. 
The SSNM approach has demonstrated promising agronomic, economic, and ecological 
potential to close this gap. By accounting for attainable yields and yield responses to fertilizer 
N, P and K, SSNM was able to approximate attainable yields measured in a fully-fertilized 
NPK plot through more optimal fertilizer rates, resulting in higher agronomic efficiencies. 
Significant increases in grain yields, AEN and GRF were achieved over the FFP through 
field- and season-specific management practices in the SSNM treatment. This included 
distributing the required fertilizer N in several applications during the season at critical 
growth stages, with flexible N management strategies that allowed for adjustments in N rates 
according to plant demand using the leaf color chart, as well as the application of fertilizer P 
and K in amounts sufficient to overcome deficiencies and maintain soil fertility. This led to a 
more balanced NPK nutrition in the SSNM treatment resulting in more vigorous plant 
growth, and probably also greater resistance to diseases, and increased nutrient use 
efficiency. Significant site and site x crop effects for all parameters measured indicate 
variation among the maize-growing domains with regard to increases in yield, fertilizer use, 
N use efficiency, and profit increase achieved through SSNM. Uncontrollable climatic events 
and variation in the quality of crop management may explain the differences among the sites 
studied; nevertheless, significant performance differences also suggests further scope for 
yield improvement, such as by alleviating other site-specific constraints to nutrient use 
efficiency. 
Attainable yield and yield responses to fertilizer application are important parameters 
in estimating fertilizer requirements in the SSNM approach as these indicate, respectively, the 
crop’s total nutrient requirement and the nutrient deficit which must be supplied by fertilizers 
(Dobermann et al., 2003). In this study, yields measured in a fully-fertilized NPK plot were 
taken as estimates of site-specific attainable yields and were used as target yields for the 
subsequent one to two seasons.  Target attainable yields should be ideally within about 80% 
of the potential yield in irrigated or favorable rainfed maize environments (Setiyono et al., 
2010). In this study, Yatt were mostly 70-80% of Yp in irrigated sites, and were 55-80% and 
76-110% of Yw in highly favorable and less favorable rainfed sites, respectively. 
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Uncharacteristically good or unfavorable weather during the early years of the trial may have 
contributed to unexpected Yatt values, particularly in the rainfed environments, highlighting 
one of the many challenges of on-farm research. Nevertheless, as SSNM yields in year 2 and 
3 across sites were in the range of 90-110% of the target Yatt and about 80% of Yp or Yw, 
this suggests that yields measured in the fully-fertilized NPK plot can serve as basis for 
estimating site- and season-specific fertilizer requirements.  
The Yp and Yw simulations were constrained by the absence of ground-based 
weather data. It would have been preferable to use actual weather data rather than daily data 
generated by MarkSim from the WorldClim data set in simulating Yp and Yw. The limited 
availability of ground-based, long-term daily weather data continues to be a major problem in 
developing countries. Van Wart et al. (2013a) suggest the use of real daily weather data with 
a minimum of 5 and 15 years for robust estimations of Yp and Yw, respectively. While daily 
weather data for most variables were available from the NASA Langley Research Center 
POWER Project online database, and were successfully used to estimate yield potential of 
maize in China (Bai et al., 2010), precipitation data were only available from 1997 to 2009 
(12 years). The MarkSim procedure was chosen as it has been used widely in the simulation 
of many tropical crops (e.g., Terrasson et al., 2009, Fisher et al., 2013). This is not seen as a 
major constraint, however, as the use of agro-climatic zonation schemes (Van Wart et al., 
2013b) to estimate Yp and Yw is probably sufficient for the purpose of developing nutrient 
management recommendations.  
The adoption of SSNM as a new technology depends greatly on the observability of 
its risk, as well as on its financial advantages (Pingali et al., 1998, Dobermann et al., 2002). 
The SSNM approach was shown to be more profitable for farmers across sites compared to 
FFP. Scenario analysis suggests that grain yield is the driving factor in the profitability of 
SSNM. In highly favorable rainfed production environments, fertilizer prices do not affect the 
profitability of SSNM because the yield gap between SSNM and FFP is large. In irrigated 
environments, the yield gap between FFP and SSNM is relatively small; hence, opportunities 
for incremental gains from SSNM are also limited. In less favorable rainfed environments, 
the yield gap between SSNM and FFP may be larger than at irrigated sites, but variable 
rainfall conditions pose high risks to farmers not attaining their target yields for the season, 
making them vulnerable to unfavorable grain and fertilizer prices. In this production 
environment, tactical N management involving both anticipatory (pre-planting) and 
responsive (during the growing season) decisions is important for managing risk 
(Dobermann, 2007). This could include having a pre-season alternative plan for adjustment of 
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fertilizer rates and times of application in case of delayed rainfall at the pre-determined 
application time (anticipatory) and using crop-based approaches, such as the LCC, to adjust 
fertilizer rates during the season according to crop N demand (responsive). In irrigated and in 
less favorable rainfed areas, simulations showed that there was about a 40% probability that 
farmers practicing SSNM might earn less than with current conventional fertilizer 
management (FFP). It is not certain whether this level of risk would be large enough to 
constrain adoption of SSNM in these production environments; however, the simplification 
of SSNM, such that farmers are able to implement it without a major commitment of their 
time, is probably the most important factor that would determine widespread adoption of this 
technology (Dobermann et al., 2002). Acknowledging the complexity and knowledge-
intensive nature of the SSNM technology, simple and user-friendly nutrient decision support 
tools are being developed and field validated in Asia for maize, wheat and rice (Pampolino et 
al., 2012; Chuan et al., 2013; Buresh et al., 2013). Using modern information and 
communications technology, these tools enable farmers and crop advisors to rapidly generate 
field-specific and cost-effective guidelines and fertilizer recommendations, either from 
existing site information or by drawing on farmers’ knowledge and experience of the local 
region.   
 
3.6 Conclusion 
Productivity and profitability of maize in the major production domains of Southeast 
Asia could be increased through the closing of exploitable yield gaps using a site-specific 
approach to nutrient management. SSNM was able to approximate attainable yields in field 
plots with high fertilizer input (non-limiting nutrient supply), but with more optimal fertilizer 
rates and higher nutrient use efficiencies. Grain yield increases averaging 1.0 t ha
-1
 across 13 
sites were achieved with a general decrease in average fertilizer N use and a more balanced 
application of fertilizer P and K compared with current farmers’ practices. SSNM increased 
agronomic N efficiency by 42% and profitability by US$167 ha
-1
 per crop, which was 
equivalent to 15% of the total average net return. While there could be risks of income loss 
from SSNM due to unfavorable weather and market prices, opportunities for income gains 
are larger, particularly in highly favorable rainfed regions. It is not clear, however, whether a 
40% probability of profit loss in irrigated and in less favorable rainfed areas is large enough 
to constrain the adoption of SSNM in these environments. A key next step to widespread 
adoption of SSNM is to incorporate its principles and strategies into simple decision support 
tools for practical use by farmers and crop advisors. In the next chapter, the development and 
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field evaluation of the Nutrient Expert (NE) for hybrid maize decision support tool is 
presented.  
53 
 
CHAPTER IV 
DEVELOPMENT AND EVALUATION OF THE NUTRIENT EXPERT 
SOFTWARE FOR NUTRIENT MANAGEMENT IN HYBRID MAIZE 
 
4.1 Summary 
SSNM has increased yield and profit in rice, maize, and wheat in major cropping 
systems in Asia; but, crop advisors have found it complex and difficult to implement in the 
field. Nutrient Expert (NE) was developed to provide crop advisors with a simpler and faster 
way to use SSNM. NE enables crop advisors to develop SSNM recommendations using 
existing site information. Nutrient Expert for Hybrid Maize (NEHM) increased yield and 
profit of farmers in Indonesia and the Philippines. In Indonesia, NEHM increased yield by 
0.9 t ha
−1
, which increased profit by US$ 270 ha
−1
 over farmer’s fertilizer practice (FFP). 
Compared with FFP, NEHM recommendations reduced fertilizer P (–4 kg ha−1), increased 
fertilizer K (+11 kg ha
−1
), and did not significantly change fertilizer N. In the Philippines, 
NEHM increased yield by 1.6 t ha
−1
 and profit by US$ 379 ha
−1
 compared with FFP. 
Compared with FFP, NEHM gave higher rates of all three nutrients (+25 kg N ha
−1
, +4 kg P 
ha
−1
, and +11 kg K ha
−1
), which substantially increased fertilizer costs (US$ 64 ha
−1
) but still 
increased profit by about six times the additional investment in fertilizer. NE accounts for the 
important factors affecting site-specific recommendations, which makes it a suitable starting 
point for developing nutrient management tools to reach more users. 
 
4.2 Introduction 
Farmers often rely on extension agents or crop advisors to provide the information 
they need to be able to make sound decisions and assess the possible benefit that could arise 
from additional investment required in adopting a technology (Adams et al., 2000). However, 
extension agents lack confidence in using the SSNM methodology (Gabinete and Buresh, 
2009). Many extension agents still perceive SSNM as complex, requiring understanding of 
concepts and methods outside their experience. It is hypothesized that a simple nutrient 
decision support tool based on the principles and guidelines of SSNM, such as Nutrient 
Expert (NE), will help crop advisors develop fertilizer recommendations tailored to a 
farmer’s field or growing environment. NE takes into account the most important factors 
affecting nutrient management recommendations, which enables crop advisors to provide 
farmers with fertilizer guidelines suited to their farming conditions. Thus, NE helps farmers 
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in their decision making because it reduces the uncertainty associated with highly variable 
conditions (Adams et al., 2000) such as site characteristics, climate, and prices of farm inputs 
and crop produce. Moreover, NE enables communication between advisor and farmer that 
helps establish trust and confidence, which grants credibility to the recommendations. NE 
uses a systematic approach of capturing information, which is important for developing a 
location-specific recommendation. Yet, NE does not require a lot of data nor very detailed 
information as in the case of many sophisticated nutrient decision support tools, which could 
overwhelm the user. NE allows the users to draw the required information from their own 
experience, the farmers’ knowledge of the local region, and the farmers’ practices. NE can 
use experimental data, but it can also estimate the required SSNM parameters using existing 
site information.  
The objectives of this study were: 1) to present the conceptual framework of NE 
decision support tool, and 2) to demonstrate the performance of NE by presenting results 
from field trials conducted in farmers’ fields in Indonesia and the Philippines. 
 
4.3 The Nutrient Expert conceptual framework 
Nutrient Expert uses SSNM to develop strategies to manage fertilizer N, P, and K. As 
a computer-based decision support tool, it combines all the steps and guidelines in SSNM 
into simple software tailored for crop advisors, especially the not-so-technical users such as 
the extension agents in developing countries. In such countries, many crop advisors from 
both public and private companies do not have the data and facilities needed to run 
sophisticated models. The parameters needed in SSNM are usually measured in nutrient 
omission trials installed in farmers’ fields, which require at least one crop season. With NE, 
parameters can be estimated using proxy information (section 4.3.2), which allows crop 
advisors to develop fertilizer guidelines for a location without data from field trials. This 
section describes the conceptual framework used in the development of NE, which is 
applicable to any cereal crop and geographic location. 
 
4.3.1 NE fertilizer recommendations based on SSNM 
NE provides fertilizer recommendations that are consistent with SSNM strategies for 
managing fertilizer N, P, and K (Dobermann and Witt, 2004; Witt et al., 2007; Witt et al., 
2009; IRRI, 2011). The algorithm for calculating fertilizer requirements in NE is determined 
from a set of on-farm trial data using SSNM guidelines (Chapter 3). In SSNM, the N, P, and 
K requirements are based on the relationship between the balanced uptake of nutrients at 
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harvest and grain yield, called internal nutrient efficiency (Witt et al., 1999; Buresh et al., 
2010; Setiyono et al., 2010), which are predicted using the quantitative evaluation of the 
fertility of tropical soils (QUEFTS) model (Janssen et al., 1990, Smaling and Janssen, 1993). 
The fertilizer requirement for a field or location is estimated from the expected yield response 
to each fertilizer nutrient, which is the difference between the attainable yield and the 
nutrient-limited yield. These parameters are determined from nutrient omission trials in 
farmers’ fields, while attainable yield is the yield for typical year at a location using best 
management practices without nutrient limitation. Nutrient-limited yield is that when only the 
nutrient of interest is omitted. The amount of nutrients taken up by a crop is directly related to 
its yield so that the attainable yield indicates the total nutrient requirement and the nutrient-
limited yield indicates the indigenous nutrient supply (Dobermann et al. 2003). The yield 
response indicates the nutrient deficit, which must be supplied by fertilizers. NE follows the 
SSNM guidelines for fertilizer application and split dressings, which consider the crop’s 
nutrient demand at critical growth stages (Witt et al., 2009; IRRI, 2011). 
 
4.3.2 Decision rules for use of proxy information to estimate SSNM parameters  
NE estimates the attainable yield and yield response to fertilizer from site information 
using decision rules developed from on-farm trials. NE uses: 
(a) Characteristics of the growing environment: water availability (irrigated, fully rainfed, 
rainfed with supplemental irrigation) and any occurrence of flooding or drought; 
(b) Soil fertility indicators: soil texture, soil color and organic matter content, soil test for P 
or K (if any), historical use of organic materials (if any), problem soils (if any); 
(c) Crop sequence in the farmer’s cropping pattern; 
(d) Crop residue management and fertilizer inputs; and 
(e) Farmers’ current yields. 
NE scales maximum attainable yield (Ymax) for a geographic region or growing 
environment according to site characteristics and farmers’ actual yield (Ya) to estimate 
attainable yield (Yatt). The Ymax is the maximum yield that can be attained with no 
management limitation, determined by crop models or suitable field experiment, while Ya is 
determined from field trials or local experts’ experience. NE uses a decision rule to estimate 
Ya from Ymax and the level of risk in the growing environment, classified as low, medium, 
or high based on the probabilities of drought or flood and whether there are soil problems 
(e.g. salinity, degradation). NE assumes that in low-risk environments Ya = Ymax, but when 
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constraints/risks are high, such as droughty areas, Ya << Ymax. To suggest realistic yield 
targets and prevent failures, Y is used as reference to estimate Ya, where: 
(a) Low-risk scenario: Ya = Y + 3 t ha
-1, Ya ≤ Ymax;   (1) 
(b) Medium-risk scenario: Ya = Y + 2 t ha
-1, Ya ≤ Ymax; and  (2) 
(c) High-risk scenario: Ya = Y + 1 t ha
-1
, Ya ≤ Ymax.   (3) 
Yields (Y, Ya, and Ymax), given in t ha
-1
 and yield increases of 3, 2, and 1 t ha
-1
 in 
equations 1–3 are not absolute and might be changed as more data become available. The 
yield increases of 3, 2, and 1 t ha
-1
, have been decided based on the current yield gap in 
farmers’ fields, as well as on the risk of economic loss depending on the risk level in the 
growing environment.  Current average maize yield in farmers’ fields in Asia of 4–5 t ha-1 
(FAOSTAT, 2012) and average yield with sufficient nutrients and good agronomy 
determined from on-farm trials of 8–9 t/ha (Table 3.5) show an average yield gap of 3–5 t ha-
1
, which can be closed with improved nutrient management and agronomic practices. Setting 
a yield target higher than the farmer’s current yield would likely require greater nutrient 
inputs than the current farmer’s practice, which could increase input costs. Thus, suggested 
yield increases were scaled based on risk level in the growing environment to minimize 
economic losses in the event of a crop failure.  
In NE, yield response is estimated based on the positive relationship between nutrient-
limited yield and Ya (Buresh et al., 2010, Figure 4.1a). For a specific field or location, 
nutrient-limited yield follows the same trend as Ya, which depends on the climate. NE 
assumes that under the same climatic condition, the indigenous nutrient supply (or native soil 
fertility) will determine the nutrient-limited yield. Indigenous N supply (INS) will determine 
the ratio of N-limited yield to Ya. Similarly, the indigenous P supply (IPS) or indigenous K 
supply (IKS) will determine the ratio of the P-limited yield or K-limited yield to Ya. The 25th 
percentile, median, and 75th percentile of all trial data for the ratio between nutrient-limited 
yield and Ya are used as coefficients to estimate the nutrient-limited yield for a given 
attainable yield and soil fertility class. The median represents soils with ‘average’ fertility, 
and the 25th and 75th percentile represent ‘low’ and ‘high’ fertility, respectively (Figure 
4.1b). For example: at Ya = 10 t ha
-1
 and the median of all data on ‘P-limited yield/Ya’ is 
0.85 (i.e. slope of the median line in Fig. 4.1b), the P limited-yield for average IPS will be 8.5 
t ha
-1
. Thus, at Ya = 10 t ha
-1
, the expected yield response to P will be 1.5 t ha
-1
. 
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Figure 4.1 The relationship between nutrient-limited yield (e.g. yield without fertilizer P, y 
axis) and attainable yield (i.e. yield with fertilizer NPK, x axis) in maize in Southeast Asia 
(figure 4a). The slopes of the lines 25
th
, median, and 75
th
 represent the 25
th
, 50
th
, and 75
th
 
percentile of all data (figure 4b), which correspond to low, medium, and high levels of 
indigenous P supply.  
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INS, IPS, and IKS classes are determined from soil characteristics (such as texture, 
color and content of organic matter), historical use of organic inputs (if any), and apparent 
nutrient balance (for P and K) from the previous crop. Soil test values for P and K (if 
available) are combined with nutrient balance to determine the IPS and IKS classes. In the 
absence of a soil test, NE uses the INS class to determine the levels of soil P and soil K. The 
balance of P and K is the difference between the inputs (from both inorganic and organic 
sources) and the output, which is the net removal or the P or K content of the crop harvest. 
Nutrient balance classes are determined as: <–9 kg P ha-1, –9 to 0 kg P ha-1, and >0 kg P ha-1 
for low, medium, and high P balances, respectively; whereas <–25 kg K ha-1, –25 to 0 kg K 
ha
-1
, and >0 kg K ha
-1
 for low, medium, and high K balances, respectively. The limits of the P 
or K balance classes might be changed depending on crop nutrient removal. NE uses the 
following guidelines to determine INS, IPS, and IKS classes.  
a) INS classes 
• Low: sandy soil regardless of soil color; reddish/yellowish clayey or loamy soils; 
• Medium: grayish/brownish clayey or loamy soils; and 
• High: very dark clayey or loamy soils with high OM and high fertility. 
Historical application of substantial amount of organic materials (e.g. 2 t ha
-1
 or more 
of poultry manure every season for more than 3 years) will move up the INS level. 
 
b) IPS classes 
• Low: low soil P and low to medium P balance; 
• Medium: medium soil P and low to medium P balance; or low soil P and high P 
balance; or high soil P and low P balance; and 
• High: high soil P and medium to high P balance; or medium soil P and high P 
balance. 
 
c) IKS classes 
(IKS class determination is similar to that of IPS class.) 
Appendix A further illustrates the software’s decisions rules to estimate SSNM 
parameters in the absence of field data from omission plot trials. 
 
4.3.3 Development process 
NE developers must collaborate with target users and local stakeholders through a 
participatory approach (Douthwaite et al., 2001) to ensure that NE meets the users’ needs and 
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preferences, which could increase the likelihood of its adoption (Fujisaka, 1994). Crop 
advisors from the public sector (e.g. Department of Agriculture) and private sector (e.g. 
fertilizer and seed companies) as well as scientists and extension specialists are key players in 
the development of NE.  
Collaboration is carried out through a series of dialogues, consultations, and 
partnerships towards (a) collection of locally-available agronomic data and information, (b) 
integration of local user’s preferences such as use of local language, measurement units, 
locally-available fertilizer sources, etc., and (c) field testing, evaluation, and refinement of the 
NE software. Consultation meetings, meant to facilitate a sense of product ownership, include 
scientific discussions, demonstration of a prototype version of NE, assessment of needed data 
and information, and planning for field testing and evaluation.  
Scientists and crop advisors, serving as technical experts, provide knowledge on local 
crop performance and constraints and also share locally-available agronomic data. Target 
users (crop advisors and extension specialists) suggest their preference for language, 
measurement units, fertilizer sources, and other local features. All stakeholders provide 
advice on the content (what information to include) and format (how the information is 
presented) of the fertilizer guideline (NE output), which will be given to a farmer. 
Field evaluation is meant to test the robustness of the model, but it is also a venue for 
introducing NE to users and farmers. A demonstrated ability of NE to increase yield and 
profit over FFP or existing recommendations is important in getting the support of 
stakeholders, which could lead to its inclusion in the national recommendation portfolio that 
will be implemented by both private (seed and fertilizer companies) and public sectors in a 
country. Stakeholders jointly examine the results of the field validation trials, collect 
feedback from users and refine the models as needed to improve performance as well as 
increase acceptability by users and promote sense of ownership by stakeholders. 
 
4.4 Case illustration – Nutrient Expert for Hybrid Maize 
This section describes the interface and database used for the development of Nutrient 
Expert for Hybrid Maize (NEHM) (Pampolino et al., 2011) for favorable, tropical rainfed and 
irrigated environments. It also presents results of the field evaluation of NEHM conducted in 
Indonesia and the Philippines in 2010-2011. 
 
4.4.1 Software description 
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NEHM was designed to ask simple questions, which can be answered from existing 
information for a field or recommendation domain. Questions were grouped into five 
modules: (1) Current NM Practice, (2) Planting Density, (3) SSNM Rates, (4) Sources and 
Splitting, and (5) Profit Analysis. The first three modules include questions that determine 
attainable yield and yield responses to fertilizer. The SSNM Rates module provides the N, P, 
and K requirement for the selected attainable yield. 
Consistent with SSNM, NEHM specifies the amount and timing of fertilizer to apply, 
including split applications. In the Sources and Splitting module, NEHM recommends two or 
three splits for N, that all P be applied at or soon after sowing, and that K be applied once or 
twice depending on the rate. NEHM selects among fertilizers that the user specifies, choosing 
those whose nutrient contents match the requirement for optimal split dressings. It also 
recommends optimum plant population specifying both plant and row spacing. The Sources 
and Splitting guidelines are location specific. 
The SSNM strategies for maize in Southeast Asia (Witt et al., 2009) comprised the 
algorithm for calculating fertilizer N, P, and K requirements in NEHM. These SSNM 
strategies are based on known attainable yield and yield responses and were developed using 
2004–2008 data from more than 120 on-farm trials with hybrid maize at 19 important sites in 
Indonesia, Philippines, and Vietnam (Chapter 3). The dataset was also used as the basis for 
developing the decision rules for estimating SSNM parameters. It provided a range of 
attainable yields and yield responses to fertilizer N, P, and K across diverse environments 
characterized by variations in amount and distribution of rainfall, varieties and crop 
durations, soils, and cropping systems.  
 
4.4.2 Field evaluation 
Research and extension staff in Indonesia and the Philippines used NEHM for sites 
without data from nutrient omission trials, using existing site information to estimate the 
attainable yield and expected yield responses to fertilizer, and to generate fertilizer 
recommendations. Some users developed fertilizer guidelines for a field, using an individual 
farmer’s data, while others used it for a recommendation domain, such as rainfed maize on 
loamy soils, using data from several representative farmers.  
NEHM recommendations were tested in farmers’ fields (plot size ≥ 0.1 ha) against 
FFP in a farmer participatory evaluation (FPE) in 2010–2011 at five sites in Indonesia (3–5 
farmers per site) and seven sites in the Philippines (2–7 farmers per site) (Table 4.1). The 
sites included key maize production areas with maize-maize or rice-maize cropping sequence 
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under favorable rainfed as well as irrigated environments in the two countries. Data were 
analyzed with the JMP software (SAS Institute, 2009) using the mixed procedure analysis 
with sites as random effects. 
FPE implementation varied among sites due to differences in existing extension 
systems. In Indonesia, researchers at the provincial Assessment Institute for Agricultural 
Technologies partnered with local extension staff. In the Philippines, researchers from the 
Regional Integrated Agricultural Research Center worked with local government units (at the 
municipal and provincial level). Criteria for selection of farmers included: (a) willingness to 
follow NEHM recommendation in at least 0.1 ha portion of the farm; and (b) farm size of at 
least 0.5 ha. All farmers were provided with maize seeds, and if necessary, a subsidy to buy 
the necessary fertilizer. 
 
4.4.3 Results 
NEHM increased yield and profit of farmers in both Indonesia and the Philippines 
(Table 4.2, Figures 4.2 and 4.3). Results from 22 farmers’ fields across five sites in Indonesia 
showed that NEHM increased yield by 0.9 t ha
-1
, which increased the gross return above seed 
and fertilizer costs (GRF) by US$ 270 ha
-1
 over FFP (Table 4.2). Compared with FFP, 
NEHM recommendations reduced fertilizer P (–4 kg ha-1), increased fertilizer K (+11 kg ha-
1
), and did not significantly change fertilizer N (Table 4.2). At the site level in Indonesia, 
average FFP yields ranged from 5.7 t ha
-1
 (Site 5) to 8.2 t ha
-1
 (Site 3) while average NEHM 
yields ranged from 7.4 t ha
-1
 (Site 5) to 9.0 t ha
-1
 (Sites 2, 3, and 4). NEHM increased yield 
by 0.8–1.8 t ha-1 and GRF by 212–506 US$ ha-1 at four of the five sites; and at one site (Site 
1), NEHM had a slightly lower yield than FFP but with comparable GRF (Figure 4.2). In the 
Philippines (with data from 31 fields across seven sites), NEHM increased yield by 1.6 t ha
-1
 
and GRF by US$ 379 ha
-1
 compared with FFP (Table 4.2). Compared with FFP, NEHM gave 
higher rates of all three nutrients (+25 kg N ha
-1
, +4 kg P ha
-1
, and +11 kg K ha
-1
), which 
substantially increased fertilizer costs (US$ 64 ha
-1
) but still increased profit by about six 
times the additional investment in fertilizer (Table 4.2). At the site level, average FFP yields 
ranged 6.1–8.9 t ha-1 while average NEHM yields ranged 7.1–10.8 t ha-1, with the lowest 
average yields observed at Site 7 and the highest yields observed at Site 1 for both FFP and 
NEHM (Figure 3). At each of the seven sites distributed across the country, NEHM increased 
yield by 1–2.4 t ha-1 and GRF by 183–669 US$ ha-1 (Figure 4.3). 
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Table 4.1 Characteristics of the sites for the field evaluation of Nutrient Expert for Hybrid 
Maize in Indonesia and the Philippines, 2010-2011. 
Country 
and site no. 
Province District/Municipality Ecosystem† Cropping 
pattern 
Farmers 
Indonesia      
1 East Java Kediri IR Rice-rice-
maize 
5 
2 Lampung Punggur RF Maize-maize 5 
3 North 
Sumatra 
Langkat RF Maize-maize 5 
4 North 
Sumatra 
Langkat IR Rice-rice-
maize 
4 
5 South 
Sulawesi 
Bone RF Maize-maize 3 
Philippines      
1 Pangasinan Bayambang RFSI Rice-maize 5 
2 Laguna Calamba RF Maize-maize 3 
3 Occidental 
Mindoro 
Abra de Ilog RFSI Rice-maize 4 
4 Iloilo Cabatuan RF Maize-maize 6 
5 Negros 
Occidental 
Murcia RF Maize-maize 7 
6 Davao Tugbok RF Maize-maize 2 
7 Maguindanao Datu Odin Sinsuat, 
Sultan Mastura, 
Ampatuan, Sultan 
Kudarat 
RF Maize-maize 4 
† IR = irrigated, RF = fully rainfed, RFSI = rainfed with supplemental irrigation 
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Table 4.2 Agronomic and economic performance of Nutrient Expert for Hybrid Maize at five 
sites (3–5 farmers per site) in Indonesia and seven sites (2–7 farmers per site) in the 
Philippines, 2010–2011. 
Parameter Unit 
Indonesia (n = 22)  Philippines (n = 31) 
FFP NE (NE – FFP)†  FFP NE (NE – FFP)† 
Grain yield t/ha 7.5 8.4 +0.9 ***  7.5 9.1 +1.6 *** 
Fertilizer N kg/ha 173 160 -12 ns  107 132 +25 ** 
Fertilizer P kg/ha 19 14 -4 *  12 15 +4 ** 
Fertilizer K kg/ha 23 34 +11 **  18 29 +11 ** 
Fertilizer cost US$/ha 126 126 0 ns  176 240 +64 *** 
GRF
‡
 US$/ha 1761 2032 +271 ***  1738 2117 +379 *** 
***, **, *: significant at 0.001, 0.01, and 0.05 level respectively; ns = not significant 
†
 Statistical analysis was performed with JMP version 8 (SAS Institute, 2009) using Mixed 
Procedure with sites as random effects. 
‡
GRF refers to the gross return above seed and fertilizer costs; estimated using actual local 
prices of seed, fertilizer, and maize grain at US$ 1 = IDR 8850 (Indonesia), Php 43 
(Philippines). 
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Figure 4.2 Grain yield of maize (a) and gross return above seed and fertilizer costs (GRF, b) 
using farmer’s fertilizer practice (FFP) and Nutrient Expert for Hybrid Maize 
recommendation (NEHM) at five sites in Indonesia, 2010-2011. Error bars represent the 
standard error of the mean. 
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Figure 4.3 Grain yield of maize (a) and gross return above seed and fertilizer costs (GRF, b) 
using farmer’s fertilizer practice (FFP) and Nutrient Expert for Hybrid Maize 
recommendation (NEHM) at seven sites in the Philippines, dry season crop, 2010-2011. Error 
bars represent the standard error of the mean. 
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4.4.4 Discussion 
NEHM increased yield and economic benefits of farmers in Indonesia and the 
Philippines by providing a nutrient management strategy tailored to field-specific or domain-
specific conditions. With NEHM, nutrient application rates were determined based on 
estimated attainable yield and yield responses to fertilizer nutrients at the domain or field 
level, taking into account the effect of climate, soil type, and farmer’s crop management 
practices. NEHM recommendations ensured that sufficient amount of all nutrients (N, P, K, 
as well as secondary and micronutrients when deficient) needed to attain the yield goal were 
applied at the critical growth stages of the maize crop. NEHM recommended 2 to 3 equal 
splits of N, applied at V0 and V8 for two splits and at V0, V6, and V10 for three splits (Witt 
et al., 2009). NEHM recommended three splits when the N requirement was ≥ 160 kg ha-1 
and 2 or 3 splits, according to farmer’s choice, when the N requirement is 120–160 kg ha-1 
(Pampolino et al., 2011). On the other hand, farmers’ fertilizer practices were commonly sub-
optimal in application rates and timing. For example, at the site in North Sumatra (Indonesia) 
with rainfed double maize cropping (Site A, Table 4.3) where NEHM recommendations were 
generated using existing site information for each field, average N rate across five fields was 
comparable between NEHM (172 kg N ha
-1
) and FFP (176 kg N ha
-1
), but FFP varied more 
with standard error of 36 kg N ha
-1
 (compared with 7 kg N ha
-1
 in NEHM). Fertilizer P 
application was greater with FFP (26 kg P ha
-1
) than NEHM (12 kg P ha
-1
) while Fertilizer K 
application was greater with NEHM (47 kg K ha
-1
) than with FFP (35 kg K ha
-1
) (Table 4.3). 
In Indonesia, farmers’ nutrient application rates were not always less than NEHM (Tables 4.2 
and 4.3), indicating that yield increase with NEHM could have been due to the balanced 
application of nutrients such as increasing K as well as optimizing splitting ratio and 
application timing, which could have improved the efficiency of applied fertilizer nutrients. 
At the domain level in Iloilo province in the Philippines (Site B, Table 4.3), where a uniform 
NEHM recommendation (166 kg N, 12 kg P, and 23 kg K per hectare) was used for six farms 
with similar soil characteristics and cropping sequence, FFP application rates varied widely. 
For this site, FFP average rates were 85, 10, and 10 kg ha
-1
 of N, P, and K with standard error 
of 25, 3, and 8 kg ha
-1
 of N, P, and K, respectively (Site B, Table 4.3). FFP total application 
rates ranged 16–190 kg N ha-1, 0–24 kg P ha
-1
, and 0–46 kg K ha-1 with 5 of 6 farmers 
applying fertilizer N much lower than the NEHM recommended rate of 160 kg N ha
-1
. Out of 
the six farmers, only two applied all three nutrients (N, P, and K) and the rest applied only N 
and P or only N. The farmers’ first fertilizer application was done at 11 to 30 days after 
sowing whereas NEHM first application was made at V0 or at 0 to 7 days after sowing. The 
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Table 4.3 Fertilizer N, P, and K applied with Nutrient Expert for Hybrid Maize (NEHM) and 
farmers’ fertilizer practice (FFP) at two sites. Values in parentheses ( ) show the standard 
error of the mean. 
Nutrient Site A† (n = 5)  Site B‡ (n = 6) 
 NEHM FFP  NEHM FFP 
 -------------------------- (kg ha
-1
) --------------------------- 
N 172 (7) 175 (16)  166 (0) 85  (25) 
P 12 ( 1) 26 ( 2)  12 (0) 10  ( 3) 
K 47 (9) 35 ( 3)  23 (0) 10  (8) 
†Site A = North Sumatra, Indonesia, rainfed maize-maize; NEHM recommendations were 
field specific  
‡Site B = Iloilo, Philippines, rainfed maize-maize in loamy soils; NEHM recommendation 
was uniform for the recommendation domain  
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farmers’ fertilizer practices (nutrient rates and timing of application) in the Philippines 
(Tables 4.2 and 4.3) suggest that the increase in yield with NEHM was largely due to the 
increased rates of nutrients applied at optimal time (critical growth stages). In both countries, 
although the NEHM recommendations used in the field evaluation were generated using 
existing site information, the observed yield increases were comparable to the results of on-
farm trials with SSNM rates based on experimental data (Pasuquin et al. 2010). This finding 
suggests that NEHM adequately estimated the parameters used for determining nutrient 
requirements of maize for specific locations. To date NE is the only available model that 
provides a fertilizer recommendation using existing site information that could be easily 
provided by a farmer or local crop adviser. The field evaluation in this study was limited to 
comparison between FFP and NEHM, but future evaluations may also include other 
recommendations based on other available models (e.g. plant growth models) or practices 
(state recommendation, if any). 
 
4.4.5 Opportunities 
Results of the field evaluation of NEHM in Indonesia and the Philippines 
demonstrated the ability of NE to increase farmer’s yield and income across a range of 
climates, soil types, and cropping systems. NE provides crop advisors with a simpler and 
faster way to use SSNM and it enables strategic formulation of nutrient management 
guidelines for maize and other crops. NE integrates agronomic information to provide options  
for optimizing yields and profits by suggesting a meaningful yield goal for specific locations 
and by providing the best nutrient management strategy required to attain the yield goal. NE 
allows determination of a range of yield goals taking into account the potential yield for the 
specific area, the attainable yield with optimal nutrient management as well as the farmer’s 
objectives (food security or income). This provides added value in moving from what are 
now blanket recommendations to developing nutrient management recommendations that 
match the goals of the farmer and conditions in specific sites. 
The success of the NE model in making SSNM recommendations at the farm level 
provides a major step forward in linking the science of fertilizer nutrient management with an 
easy-to-use tool for farmer advisors, the end-user. To verify the effectiveness and practicality 
of the NE tool to end-users requires out-scaling it by developing a network of users who 
make recommendations using it and who provide feed-back on its success, or failure, or any 
required changes. Compilation of this potentially large on-farm trial database further adds to 
the refinement of the recommendations made using the program. 
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One of the greatest challenges in use of the NE tool is the absence of any long-term 
use by farm advisors. Given that smallholder farmers in Asia have little access to soil tests, it 
is believed that NE can meet the requirements for nutrient recommendations of large numbers 
of farmers. Moreover, the local science of nutrient management can readily be incorporated 
into the recommendations. Ultimately, the NE decision support system tool will be linked to a 
crop management support tool that will enable farmers to make multiple decisions on a 
variety of matters that improve crop output, quality, and profitability. 
NE has been designed to work for diverse conditions by accounting for the important 
factors that affect site-specific recommendations. This makes NE an excellent starting point 
for developing mobile phone applications for more homogeneous or smaller regions, which 
would require only a small number of questions. The current format/platform of NE can also 
be transformed into web-based ICT applications for online access and availability. 
 
4.4.6 Constraints 
NEHM users should have basic computer skills and understand common terms of 
agronomy and soil science. Currently, NEHM runs within Microsoft Access 2003 or higher 
and requires Acrobat reader to read the stored reports and outputs. 
Since NE is a computer-based decision support tool, its use is limited to those who 
have access to a computer, which could be a constraint to many crop advisors in developing 
countries. The present format, which operates in MS Access without the need for internet 
access, is useful for model validation but could be a constraint for reaching more users. It is 
envisaged that the development of online versions or mobile phone applications will increase 
greatly the opportunity for NE’s distribution and adoption. 
Users still require some training to use NE effectively. Simple training materials and 
guidelines are sufficient to help local experts conduct training to the required level. 
 
4.5 Conclusion 
Results of field evaluation have shown that NE is effective in providing 
recommendations that can increase yields and profits compared with farmers’ current 
practices. NE accounts for the important factors affecting site-specific recommendations, 
which makes it an excellent tool for providing tactical information to crop advisors and 
farmers as well as strategic information to high-level decision makers. NE is also a suitable 
starting point for developing nutrient management tools to reach more users. 
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It has been shown so far that SSNM has the potential to increase yield, profit and 
nutrient use efficiency of tropical hybrid maize. In the next chapter, the effect of crop and 
nutrient management practices on soil quality within a commercial oil palm plantation setting 
will be presented. 
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CHAPTER V 
EVALUATION OF SOIL QUALITY INDICATORS UNDER  
OIL PALM PLANTATIONS FOLLOWING APPLICATION OF  
‘BEST MANAGEMENT PRACTICES’ IN A FOUR-YEAR TRIAL 
 
5.1 Summary 
Increasing the yield of existing oil palm plantations is one means of accommodating 
some of the growing demand for palm oil. The International Plant Nutrition Institute (IPNI) 
has developed and tested a process to deploy a series of ‘best management practices’ (BMPs) 
that cover a range of agronomic practices intended to intensify oil palm production and 
improve yield at a given site using cost-effective, practical methods. Many of these BMPs 
include techniques that should also improve soil quality, such as the addition of organic 
matter to the soil surface, and improved timing and tailored application of mineral and 
organic fertilizers. Six plantations in Kalimantan and Sumatra applied the prescribed BMPs 
by IPNI (BMP treatment), and standard management practices (REF treatment) in paired 
blocks of oil palm over four years; 30 pairs of blocks were included in the study. Soils were 
sampled in both treatments before and after the field trial, from beneath weeded circles 
surrounding individual palms and beneath frond piles in between rows of palms, at 0-20 cm 
depth and 20-40 cm depth. Soils were tested for a range of properties, including soil pH, % 
soil organic carbon (% SOC), total N, available P, and exchangeable cations. No clear, 
consistent differences were found in the degree of change in soil properties between BMP 
and REF treatments over four years. However, improvements in some soil properties were 
noted for both treatments, particularly for soil pH and % SOC. There was no significant 
deterioration in the measured soil properties over the four years. The results suggest that 
appropriate management practices for oil palm can improve several aspects of soil quality. 
Further research on the mechanisms by which BMPs can improve soil quality, and 
monitoring over longer periods of time is recommended to give plantation managers a clearer 
picture of the potential ‘co-benefits’ that can be obtained with adoption of BMPs designed to 
increase oil palm yield. 
 
5.2 Introduction 
 A number of recent papers and reports have discussed the potential for sustainable 
agricultural intensification to improve environmental quality (e.g. Cassman et al., 2003; 
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RSUK, 2009; Burney et al., 2010; Caviglia and Andrade, 2010; Foley et al., 2011; Tilman et 
al., 2011). However, few studies provide field-based evidence of the impacts of sustainable 
intensification on soil or water quality: most field studies, including those from Chapters 2 to 
4, emphasize improvements in agricultural productivity. Reviews of the on-site 
environmental impacts of oil palm plantations highlight potential impacts on soil quality, soil 
erosion, water quality and biodiversity (Hartemink, 2003; Hartemink, 2005; Nelson et al. 
2010; Comte et al. 2012). However, there is relatively little published research based on field 
data collected from commercial plantations. Although detailed soil analyses are routinely 
undertaken on many oil palm estates (Hartemink, 2003; Ng et al., 2011), relatively little of 
this information has been analyzed and published in the peer-reviewed literature. Agricultural 
management practices on perennial plantations have the potential to improve aspects of soil 
quality (such as nutrient availability, drainage and soil pH), but these are relatively rarely 
reported in the literature (Hartemink, 2003). Two of the key aspects of BMPs that may 
influence soil quality and soil fertility in oil palm plantations are tailored management of 
fertilizers, and the application of organic matter to the soil surface in the form of empty fruit 
bunches (EFB; a waste product from the milling of FFB), pruned palm fronds and compost. 
The dearth of detailed, published, field-based research on the influence of commercial 
oil palm management on soil properties makes it difficult to understand the relationships 
between soil quality and sustainable intensification of the oil palm system. Further, much of 
the existing field-based research on oil palm has been conducted at a small spatial scale, such 
as within fields or experimental plots.  
The overall aim of this research is to assess whether the application of management 
practices designed primarily to increase yield in oil palm plantations also modify soil quality. 
Specifically, the objectives of this research were to: (1) determine changes in soil properties 
in areas under site-specific BMPs for oil palm and standard practices; and (2) assess whether 
change in important soil indicators over time can be attributed to differences in management 
practices between blocks managed using BMPs, and those managed using standard practices. 
The results of the research are used to identify potential opportunities to improve soil health 
and provision of ecosystem services from the application of best management practices in oil 
palm plantations. 
 
5.3 Materials and methods 
5.3.1 Study sites 
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 The study sites included three oil palm plantations in Sumatra and three in 
Kalimantan (Figure 5.1), representing major growing areas in Indonesia, the country with the 
largest area planted to oil palm. All six plantations fall within the Köppen climate 
classification Af (Equatorial Fully Humid) (Kottek et al., 2006). The plantations cover a 
range of soil types, topographic characteristics and total annual rainfall (Table 5.1). All 
plantations were managed within commercial production processes by collaborating oil palm 
plantation partners. Five collaborating partners were involved in the study; one of these 
groups managed two plantations. Management of the plantations followed a hierarchical 
structure typical for oil palm. The smallest unit of management is a ‘block’ (usually 25-30 
ha); multiple blocks are grouped into a ‘division’ (500-1 000 ha), and several divisions form 
an ‘estate’ (typically 2 000 to 5 000 ha). Estates are grouped together to form plantations. The 
age of oil palm stands, the planting density and the overall site suitability for oil palm varied 
between and within the six study plantations (Table 5.2). The soils of the plantations are 
highly modified as they have been used for agricultural purposes for decades. 
 
5.3.2 Experimental design and management practices 
The study compared soil properties in blocks of oil palm managed under ‘best 
management practices’ (BMP) with blocks managed under ‘standard’ estate practices 
(denoted as REF or reference). Five pairs of blocks of at least 25 ha were selected for each of 
the six study sites, giving a total of 30 pairs of blocks (60 blocks in total). Paired BMP/REF 
blocks were situated in between one and five different estates within each plantation (Table 
2). Where multiple estates were sampled within a plantation, the estates were located within 
approximately 30 km of each other (around one hour by road transport). 
A paired block approach was taken due to the inherent site variability associated with 
sampling commercial plantations. Each pair comprised two adjacent, discrete blocks with 
similar soils and terrain. Where soil survey reports and maps were available, these were used 
for block selection in combination with an on-site inspection. Where soils data were not 
available, soils and terrain were assessed during the on-site inspection. Pairs of blocks were 
selected that were planted in the same year, with the same source of seeds, and with a similar 
management (especially fertilization) and yield history. At least the preceding five years of 
historical data were considered, except in a few cases where the blocks were planted within 
the last few years. 
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Figure 5.1 Location of study sites. Large squares represent the study sites. 1: North Sumatra 1 
(NS1); 2: North Sumatra 2 (NS2); 3: South Sumatra (SS); 4: West Kalimantan (WK); 5: 
Central Kalimantan (CK); 6: East Kalimantan (EK). For full details of site characteristics see 
Tables 5.2 and 5.3. 
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Table 5.1 Biophysical characteristics of field-trial plantations 
Site 
no. 
Province Latitude, 
longitude 
Mean annual 
rainfall 
(mm yr-1) a 
Mean annual 
temperature 
(oC) a 
Water deficit 
status b 
Dominant soil 
texture classes 
Slope classification 
 
1 
 
North 
Sumatra 
 
2o 59’ N 
99o 37’ E 
 
1923 
 
26.7 
 
No 
significant 
water stress 
 
Sandy clay loam, 
coarse sandy 
loam 
 
Mostly flat (0-4%), 
some undulating (4-
12%) sections 
2 North 
Sumatra 
1o 4’ N 
100o 7’ E 
3072 26.4 No 
significant 
water stress 
Clay, fine sandy 
loam, sandy clay, 
sandy clay loam 
Mostly flat to gentle 
slope (0-4%), some 
undulating (4-12%) and 
hilly (24-38%) sections 
3 South 
Sumatra 
3o 46’ S 
104o 54’ E 
2782 27.1 Severe water 
deficit in 
many years 
Clay, sandy clay 
loam 
Flat to gentle slope (0-
4%) in some areas, 
undulating (4-12%) in 
other sections 
4 West 
Kalimantan 
1o 25’ N 
109o 26’ E 
3080 26.6 No 
significant 
water stress 
Fine sandy loam, 
loamy sand 
Flat (0-4%) to 
undulating (4-12%) 
5 Central 
Kalimantan 
2o 40’ S 
111o 15’ E 
3045 26.8 Water deficit 
in some years 
Coarse sandy 
loam, loamy 
coarse sand 
Flat to gentle slope (0-
4%) 
6 East 
Kalimantan 
0o 17’ N 
116o 11’ E 
2509 26.6 No 
significant 
water stress 
Clay loam Flat (0-4%) to 
undulating (12-24%) in 
some areas, hilly (24-
38%) in places 
a 
Climatic variables calculated using long-term averages from WorldClim (Hijmans et al., 
2005) by Rhebergen (2012). 
b 
Water deficit calculated based on the method of Surre (1968) by Donough et al., 2011; 
Rhebergen, 2012. 
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Table 5.2 Oil palm plantation site characteristics 
Site 
no. 
No. of 
estates 
sampled 
within 
plantation 
Area (ha) sampled 
within plantation 
Stand density range 
(palms ha
-1
) within 
estates sampled 
Stand age at 
beginning of 
field trial 
Suitability 
class 
b
 for 
oil palm 
BMP 
a
 REF 
a
 BMP REF 
1 5 266 281 121-140 136-143 5-12 years S1 
2 3 156 160 124-136 116-132 8-14 years S2 
3 2 259 260 127-137 128-138 15-18 years S2 
4 1 142 147 143 143 8-9 years S2/3 
5 3 124 121 112-138 128-141 8-9 years S3 
6 4 135 135 133-154 135-144 3-12 years S2 
a
 BMP and REF denote the principle treatments in this research. BMP = Best Management 
Practice blocks. REF = reference blocks (i.e., standard management practices). See text for 
further detail. 
b
 Land suitability class attributed based on expert knowledge. S1 = highly suitable, S2 = 
moderately suitable, S2/3 = moderate to marginally suitable, S3 = marginally suitable 
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The size of the blocks depended on the plantation; at most sites, the estates were 
systematically laid out, with blocks in regular rectangular shapes (typically 1 km long and 
250-300 m wide). At the North Sumatra 1 (NS1) plantation, block sizes ranged between 35 
and 79 ha, and most were irregularly shaped. This plantation was first established in 1911 as 
a rubber plantation and later converted to oil palm; as a result, blocks were not systematically 
laid out in rectangular units as is common in modern oil palm plantations. At the South 
Sumatra (SS) plantation (site 3), each block was 50 ha because this plantation combined four-
25 ha blocks into a single management unit of 100 ha; half of the 100 ha block was assigned 
as BMP and the other half as REF. 
In each selected pair of blocks the historically higher yielding block was assigned to 
‘standard’ commercial management practices (denoted as REF blocks) and the other block 
was assigned to best management practices (denoted as BMP blocks). Often the difference in 
yield between the two blocks was very small. Management practice treatments were assigned 
in this way to aid eventual integration of BMPs into the commercial process through 
demonstration of the potential for BMPs to increase yield compared with standard plantation 
operating procedures. Average yields for BMP vs. REF treatments in the six plantations are 
given in Table 5.3. 
Consideration of data on soils, terrain, yield, oil palm type and age, past management, 
rainfall, on-site observations and interviews with local management personnel, staff and 
workers were used to identify limitations to yield in each block and to define the BMPs most 
likely to increase yield. As all estates were commercial operations with the goal of improving 
yields, BMPs were block-specific as far as practical but were incorporated into each estate’s 
commercial management procedures. Table 5.4 outlines the major differences in management 
practices between BMP and REF blocks, including the type and placement of fertilizers. In 
BMP blocks all fertilizers, except borate, were applied on the frond heaps. If urea was used as 
a nitrogen source, it was applied at the outer edge of the weeded palm circles directly onto the 
soil. In REF blocks placement of fertilizers followed companies’ standard operating 
procedures, most of which applied fertilizers over the soil surface in the weeded circles. 
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Table 5.3 Fresh fruit bunch (FFB) yield data for BMP and REF blocks in six plantations 
Site 
no. 
Mean FFB yield (t ha
-1
 year
-1
) 
a, b
 
% yield difference field trial 
vs. pre-project 
c
 
BMP REF ∆ (BMP-REF) BMP REF 
1 30.5 29.0 1.5 9% 0% 
2 28.4 23.0 5.4 27% -7% 
3 23.7 18.9 4.8 2% -19% 
4 22.3 19.8 2.5 54% 39% 
5 20.7 17.1 3.6 72% 31% 
6 30.2 27.5 2.7 49% 30% 
a
 FFB yield data reported in Pasuquin et al. (2014)  
b
 Total field trial duration was 48 months 
c
 Pre-project yield data was collected over a variable number of months as follows: Site 1: 
19 months; Site 2: 20 months; Site 3: 24 months; Site 4: 24 months; Site 5: 12 months; 
Site 6: 16 months.  
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Table 5.4 Management practices in BMP and REF blocks 
Management practice 
Plantation and treatment 
1 
North Sumatra 1 
2 
North Sumatra 2 
3 
South Sumatra 
4 
West Kalimantan 
5 
Central Kalimantan 
6 
East Kalimantan 
BMP REF BMP REF BMP REF BMP REF BMP REF BMP REF 
Harvesting 
a 
Mean harvest interval (days)  7 10 7 12 7 11 8 13 7 11 7 11 
Mean number of harvest 
rounds (harvests year
-1
)  
51 37 49 30 50 32 49 31 51 33 52 34 
Mean number of harvest 
days (man days year
-1
)  
956 930 525 396 921 674 563 495 296 287 603 464 
Fertilizer type and placement 
Fertilizers used 
b
 N: Urea, AS; P: 
RP, TSP; K: 
MOP; Mg: 
GML, Kies; B: 
Borate  
N: Urea; P: RP; 
K: MOP; Mg: 
Kies; B: Borate  
N: Urea, AS; P: 
RP, TSP; K: 
MOP; Mg: 
GML, Kies; B: 
Borate  
N: Urea; P: RP; 
K: MOP; Mg: 
Kies; B: Borate  
N: Urea, AS; P: 
RP, TSP; K: 
MOP; Mg: 
GML, Kies; B: 
Borate  
N: Urea; P: RP; 
K: MOP; Mg: 
Kies; B: Borate  
N: Urea, AS; P: 
RP, TSP; K: 
MOP; Mg: 
GML, Kies; B: 
Borate  
N: Urea; P: RP; 
K: MOP; Mg: 
Kies; B: Borate  
N: Urea, AS; P: 
RP, TSP; K: 
MOP; Mg: 
GML, Kies; B: 
Borate  
N: Urea; P: RP; 
K: MOP; Mg: 
Kies; B: Borate  
N: Urea, AS; P: 
RP, TSP; K: 
MOP; Mg: 
GML, Kies; B: 
Borate  
N: Urea; P: RP; 
K: MOP; Mg: 
Kies; B: Borate  
Fertilizer placement - Urea, 
Borate  
Palm circles Palm circles Palm circles Palm circles Palm circles Palm circles Palm circles Palm circles Palm circles Palm circles Palm circles Palm circles 
Fertilizer placement - other 
fertilizers  
Frond heaps Palm circles Frond heaps Palm circles Frond heaps Frond heaps Frond heaps Frond heaps Frond heaps Palm circles Frond heaps Frond heaps 
Frond heap location 
Between palms in the row  Yes No Yes No Yes Yes Yes Yes Yes Yes Yes Yes 
In inter-row area  Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes 
Empty Fruit Bunch (EFB) application 
Use of EFBs Some blocks - Some blocks - Some blocks - Some blocks - All blocks - Some blocks - 
Location of EFB application  Inter-row area - Inter-row area - Inter-row area - Inter-row area - Inter-row area - Inter-row area - 
Additional BMPs 
Harvest platforms (on slopes)  - - Some blocks - Some blocks - - - - - Some blocks - 
Additional drainage  Some blocks - Some blocks - - - Some blocks - - - Some blocks - 
Felling of unproductive 
palms  
Some blocks - Some blocks - Some blocks - Some blocks - Some blocks - Some blocks - 
Extra weeding (woody 
weeds)  
Some blocks - Some blocks - Some blocks - Some blocks - Some blocks - - - 
Extra weeding (trunk 
epiphytes)  
Some blocks - Some blocks - Some blocks - Some blocks - - - - - 
Felling of diseased palms 
(Ganoderma)  
Some blocks - - - - - - - - - - - 
Insect pest control  Some blocks - Some blocks - Some blocks - - - - - - - 
Overall standard of BMP implementation (BMP blocks) or SEP implementation (REF blocks) 
Implementation quality 
c
  Good Good Good Good Fair Poor Fair Fair Good Good Good Good 
a
 Average values are computed over 48 months 
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b
 AS = ammonium sulphate; RP = rock phosphate; TSP = triple superphosphate; MOP = muriate of potash; Kies = kieserite; GML = ground 
magnesium limestone 
c
 As assessed by IPNI agronomists based on regular site visits  
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The field trial ran for four years at each plantation; the start and end date varied 
among plantations (Table 5.5). Plantation companies were responsible for day-to-day 
management of REF and BMP blocks, with input and advice from consultant agronomists on 
BMPs. BMPs to be implemented were discussed and agreed with senior management and at 
the operational level following site assessments and block selection. A timeframe was agreed 
for BMP implementation, typically for BMPs to be fully in place at the end of 12 months. 
BMP implementation took longer at some sites, and could vary between estates within study 
sites. During BMP implementation, an agronomist visited three or four times a year to assess 
status and progress. Table 5.4 includes an assessment of the overall standard of management 
practice implementation. 
Estimated fertilizer budgets were compiled for the blocks included in the study using 
plantation data on rates of fertilizer addition and application of EFB and compost. Data for 
Site 2 (North Sumatra 2) are not available. Table 5.6 details mean total applications of 
organic and inorganic sources of N, P and K over the four years of the study. Organic nutrient 
additions were estimated based on values in the literature for EFB and compost (Rankine and 
Fairhurst, 1999a; Fairhurst and Härdter, 2003; Corley and Tinker, 2007). Total nutrient inputs 
over four years from inorganic fertilizers applied in the BMP blocks ranged from 414 kg ha
-1
 
to 586 kg ha
-1
 for N, 68 kg ha
-1 
to 183 kg ha
-1
 for P, and from 430 kg ha
-1
 to 881 kg ha
-1
 for K 
(Table 5.6). Mulching with EFB was implemented only in BMP blocks at Sites 3, 4, 5 and 6 
at a target rate of 40 t ha
-1
, and in some REF blocks at Sites 4 and 5 (typically at a lower rate). 
The target rate of 40 t ha
-1 
was not always achieved for operational reasons. In Sites 5 and 6, 
EFB application was most complete; at other sites, EFB application was undertaken only in 
BMP blocks close to palm oil mills. Records of EFB applications on blocks were kept; Table 
6 includes details of estimated amounts of organic N, P and K contained in EFBs and 
compost applied to the soil surface; the release of nutrients from these organic sources 
occurred gradually over several months. 
  
82 
 
Table 5.5 Timing of field trials for plantation sites  
Site 
no. 
Province Commencement of 
field trial 
End of field 
trial 
Months elapsed 
between initial and 
final soil sampling 
a
 
1 North Sumatra August 2006 July 2010 48 
2 North Sumatra September 2006 August 2010 48 
3 South Sumatra December 2006 January 2011 48 
4 West Kalimantan March 2007 February 2011 46 
5 Central Kalimantan June 2007 May 2011 49 
6 East Kalimantan July 2007 June 2011 48 
a 
Months elapsed between initial and final soil sampling are not exactly the same as the start 
and end dates of the field trial. Initial soil samples were taken prior to commencement of 
the field trial, as follows: Sites 1 and 2 - one month prior; Site 3, 5 and 6 - two months 
prior; Site 4 - same month. Final soil samples were taken at the conclusion of the field trial, 
except: Site 3, 4 and 6 - one month prior; Site 5: two months after.  
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Table 5.6 N, P and K application in BMP and REF blocks from inorganic and organic 
fertilizer sources over the four years of the field trial 
 Nutrient inputs in kg ha -1 over four years a 
Treatment and 
nutrient source
 b, c 
Site 1 
(NS1 
d
) 
Site 3 
(SS) 
Site 4 
(WK) 
Site 5 
(CK) 
Site 6 
(EK) 
BMP      
Inorganic N 463 586 558 478 414 
Inorganic P 183 68 84 152 136 
Inorganic K 721 881 884 430 600 
Organic N - 448 150 790 877 
Organic P - 54 18 95 137 
Organic K - 1 348 453 2 376 2 416 
BMP Total N 463 1 034 708 1 268 1 291 
BMP Total P 183 122 102 247 273 
BMP Total K 721 2 229 1 337 2 806 3 016 
REF      
Inorganic N 469 583 552 483 404 
Inorganic P 79 68 80 153 132 
Inorganic K 621 882 924 435 571 
Organic N - - 32 18 382 
Organic P - - 4 2 115 
Organic K - - 97 55 655 
REF Total N 469 583 585 501 785 
REF Total P 79 68 84 155 246 
REF Total K 621 882 1 021 489 1 226 
a
 Average values from 5 blocks in each treatment for the 4-year project duration. Stand 
density ranged between 112 and 154 palms ha
-1
 (see Table 5.3). 
b 
BMP = Best Management Practices; REF = Estate Management Practice; I = Inorganic 
nutrient source, i.e. various commercial fertilizers; O = Organic nutrient source, i.e. 
compost or empty fruit bunches (EFB); T = Total i.e. organic + inorganic; N = nitrogen; P 
= phosphorus; K = potassium. 
c
 Values for organic nutrients (N, P, K) are estimates based on the mass of EFB and/or 
compost applied, using values from the literature (Rankine and Fairhurst, 1999a; Fairhurst 
and Härdter, 2003; Corley and Tinker, 2007). 
d
 Site names: NS1 = North Sumatra 1; SS = South Sumatra; WK = West Kalimantan; CK = 
Central Kalimantan; EK = East Kalimantan. 
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Standard procedure for frond management was followed in BMP blocks (Rankine and 
Fairhurst, 1999a). Surplus fronds (i.e. old, dead, damaged or diseased) were removed. 
Sufficient fronds were retained to provide an optimal leaf area index (LAI) throughout the 
life of the palm (for oil palm, optimal LAI is between 5 and 6). Old fronds were removed 
from beneath the lowest harvestable fruit bunch. For palms less than seven years old, three 
fronds were retained below the lowest harvestable fruit bunch, and lower fronds removed. 
For palms aged seven to 12 years, two fronds were retained, and for palms of 12 years or 
more, only one frond was retained below the lowest harvestable fruit bunch. Additionally, 
fronds that impeded harvesting were also removed. Removed fronds were stacked in frond 
stacks in between rows of oil palms (see section 5.3.3 for a description of the layout of the 
palm rows and frond stacks). 
 
5.3.3 Field sampling and laboratory analysis 
Soil samples were collected at the beginning and at the end of the field trial for each 
estate, between 2006 and 2011 (Table 5.5). Sample points were assigned using a fixed grid 
sampling scheme that samples approximately 1% of the palms in a block (see Appendix 3 in 
Fairhurst and Härdter, 2003 for further detail). Oil palms are typically planted at a distance of 
9 m between palms (approx. 143 palms ha
-1
) in an equilateral triangle arrangement (i.e. rows 
are offset). The first palm sampled was usually the fifth palm in the fifth row, with every 
tenth palm in that row included in the sample. The next row sampled was 10 rows from the 
first row sampled. In a 25 ha block, there were at least 30 sample points, and at least 36 
sample points in a 30 ha block. Sampled palms were permanently marked. At each sample 
point, soil samples from two locations were collected: (1) at a distance of one meter from the 
base of the oil palm (i.e. within the weeded circle of 1.5-2 m surrounding each palm); and (2) 
underneath the palm frond heap placed in the inter-row space nearest the sampled palm. Palm 
frond heaps are distributed at irregular intervals between rows of oil palms. Most of the feeder 
roots are under the frond heaps, and nutrients accumulate there from frond decomposition. 
Soil samples were collected from two depths at each sampling location: 0-20 cm and 20-40 
cm. Samples were collected with a Dutch auger with a 20 cm head. The litter layer was not 
sampled; there is very little litter within weeded circles. Due to variation in oil palm density 
and block size, a variable number of samples (typically between 30-36 samples) for each 
combination of depth and location were collected from each block.  
Soil samples were bulked for analysis. Soils were air-dried, hand-ground and 
quartered to reduce the total mass of soil to 500 g for each bulk sample. Half of this sample 
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was sent for analysis, and the other half used for archival purposes. Soils were analyzed at a 
commercial laboratory (Asian Agri group laboratory, at the research centre in Bahilang 
Estate, Tebing Tinggi, North Sumatra) for a range of soil properties, including: soil texture 
(using USDA soil classification based on % coarse sand, % fine sand, % clay and % silt); soil 
pH (KCl solution); % total nitrogen (Kjeldahl digestion); % SOC (Walkley-Black method); 
available phosphorus (Bray II method); and CEC (pH 7.0; the standard operating procedure 
used in recognized laboratories that serve the oil palm industry in Indonesia). Additional 
properties measured included: exchangeable K (flame photometry) and exchangeable Ca and 
Mg (atomic absorption spectrophotometer). 
 
5.3.4 Statistical analysis 
Summary statistics and graphics were prepared for soil properties in the two 
treatments (BMP and REF) before and after the initiation of the trial. Summary information 
was prepared at multiple levels: for all plantations combined, for each plantation, for each 
estate, and for paired blocks. Soil pH values were converted to H
+
 concentrations for 
calculation of mean soil pH values across multiple sampling locations. Understanding 
variation at different spatial scales was important due to the variation in biophysical site 
characteristics that is inherent in field trials conducted on commercial operations where site 
conditions cannot be controlled.  
Changes in individual soil properties between BMP and REF treatments before and 
after the field trial were assessed using split-plot ANOVA with the software SPSS (IBM, 
2012). The difference in measured soil properties between the beginning and completion of 
the trial was used as the input variable. Within SPSS, the General Linear Module (GLM) and 
Mixed Model module were used to assess whether there were differences in the degree of 
change in soil parameters between the beginning and end of the trial between the two 
treatments BMP and REF (i.e. main factor) for all combinations of soil sampling depth and 
soil sample location. Treatment, soil depth and soil sample location were incorporated into 
the model as fixed effects, with paired BMP-REF blocks as random effects. All interactions 
were assessed. For many of the variables assessed, the data were not normally distributed, 
and variance of the residuals was often heterogeneous. However, the balanced split-plot 
ANOVA is robust to these violations of assumptions where p-values are either very large or 
very small (compared with α = 0.05). In cases where the returned p-value for the main factor 
(i.e. BMP vs. REF) was between 0.01 and 0.1, the non-parametric Wilcoxon’s Signed Rank 
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test was used to test each combination of soil sampling depth and soil sampling location 
individually. 
 
5.4 Results 
5.4.1 Summary data 
The mean values (and standard errors of the means) for soil parameters before and 
after the trial for BMP and REF treatments are represented in Figure 5.2. Data for the 
majority of variables were not normally distributed, with most variables positively skewed. 
Of the main soil properties assessed, soil pH and % SOC and organic C:N ratio displayed 
increasing trends over time in both BMP and REF treatments (Figure 5.2). However, the few 
cases where values decreased, this tended to occur in the weeded circle in the upper 20 cm of 
soil in both BMP and REF treatments (see for example Figure 5.2 for total N, available P, 
CEC, exchangeable Mg and Ca). Values for most variables tended to be lower at greater soil 
depths. 
Soil pH was acidic, with values ranging between 3.0 and 5.6. For all comparisons, 
mean pH (using the average of H
+
 concentration) increased by an average of between 0.10 
and 0.22 units over the four years of the study (n=30 for all comparisons). Median pH values 
for all comparisons increased by between 0.3 and 0.45 units (Figure 5.2). The magnitude of 
change in mean and median pH before and after the field trial was similar for all 
comparisons. The greatest increase in median pH were seen beneath the frond stack at 0-20 
cm soil depth in BMP, while smaller increases in median pH were found beneath weeded 
circles at 20-40 cm for both BMP and REF. 
Total N ranged between 0.02 and 0.39%, with higher mean values at 0-20 cm depth 
(mean % total N = 0.160.005 for 0-20 cm depth and 0.090.003 for 20-40 cm depth, 
averaged across BMP, REF, frond stack and weeded circle; standard error calculated for 
n=240). Few clear patterns emerged for the change in % total N over time at 0-20 cm depth, 
but an increase of between 0.01 and 0.02% was noted at depths of 20-40 cm. 
SOC measurements ranged between 0.17 and 5.55%, with mean values at 20-40 cm 
depth approximately half that found at 0-20 cm depth. SOC increased across all comparisons 
with time (Before: 1.31%0.06 (standard error; n=240); and After: 1.60%0.07 (standard 
error; n=240). Standard errors of the mean overlapped for comparisons in the upper 20 cm of 
soil, but there was minimal overlap for comparisons at 20-40 cm soil depth (Figure 5.2). SOC 
after four years tended to be slightly greater beneath the frond stack than within the weeded 
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circle across most comparisons. The greatest change was beneath the weeded circle in the 
REF treatment at 20-40 cm (mean difference: +0.48% SOC between Before and After 
samples; n=30). 
The available P covered a wide range of values between 0.3 and 99.6 mg kg
-1
. The 
highest values were in the upper 20 cm of soil in the weeded circle (means ranged between 
34.66.56 mg kg-1 in the BMP treatment at the start of the study to 22.73.44 mg kg-1 in the 
REF treatment at the end of the study). Available P in 0-20 cm soil depth in the weeded circle 
was typically around three to five times higher than for 20-40 cm soil depths, and for 0-20 cm 
soil depth beneath the frond stack. Available P appeared to decrease over time from 0-20 cm 
soil within the weeded circles, but increase over time for 0-20 cm soil beneath the frond 
stacks, and 20-40 cm soil beneath the weeded circles and frond stacks. 
CEC values were similar at the beginning and conclusion of the study for many of the 
sampled combinations, typically around 2 meq 100 g
-1
 soil lower at depths of 20-40 cm 
compared with 0-20 cm. Exchangeable K increased over the study, with clear differences in 
concentration for all comparisons except for 0-20 cm depth beneath the weeded circle in the 
BMP treatment; mean values often being doubled over time. Small increases with time in 
exchangeable Ca and Mg were noted for all treatments aside from beneath weeded circles at 
0-20 cm depth for both BMP and REF; however standard errors of the mean often overlapped 
for these soil properties. 
 Some subtle trends were apparent when comparing values beneath weeded circles and 
frond heaps for BMP and REF treatments at the conclusion of the field trial. For a number of 
comparisons (e.g. soil pH, % total N, % SOC, CEC, exchangeable K), values were slightly 
more favorable in REF than in BMP treatments beneath weeded circles, at both soil depths. 
However, under the frond heaps, values for these variables were either comparable, or 
slightly higher for BMP than for REF. 
Values for many of the soil properties varied depending on the estate and/or block 
under comparison. Figure 5.3 illustrates the variation in mean % SOC for one subset of 
treatments (in this case, measurements beneath the frond stack at depths of 0-20 cm) between 
islands and estates. In some estates variability among blocks within the estates was relatively 
large (for example, Estates 2 and 4), whereas others showed relatively little variability (such 
as Estates 3 and 6). Figure 5.3 reinforces the observation that both BMP and REF treatments 
showed a general trend of increasing % organic C over time, but with different magnitudes in 
different locations. 
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Figure 5.2 Change in mean or median values of eight soil variables for each unique 
comparison of management, soil depth and soil sample location. All values shown are means, 
except for soil pH where the median is depicted. n = 30 for each data point. Error bars 
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represent standard error, except for soil pH where error bars represent range. ‘Before’ refers 
to measurements taken at the commencement of the field trial. ‘After’ measurements were 
taken four years later at the conclusion of the trial.  
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Figure 5.3 Example of differences in mean % SOC between islands and estates. The topmost 
figure illustrates mean values for % SOC measured from beneath frond stacks, at depths of 0-
20 cm (n=15 for each point). The middle figures illustrate mean values for the variable at 
each of the six estates in the study (n=5 for each point). Error bars denote standard error. The 
lower figures show values for the variable in paired blocks within the estate NS1 (at left) and 
estate EK (at right) (all paired blocks are n=1 except for CAK in Site 6, where n=2). 
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5.4.2 Differences in the magnitude of change in soil properties between treatments 
None of the variables showed a significant, consistent effect of treatment on the 
degree of change in soil properties between the beginning and the end of the field trial (Table 
5.7). Split-plot ANOVA returned a p-value for the effect of treatment on % SOC of 0.079. 
The influence of treatment on % SOC was significant (p<0.01) only for samples taken from 
beneath the weeded circle at 20-40 cm depth while the influence of treatment on total N 
showed no significant differences across any of the four comparisons.  
Whether samples were taken from beneath the weeded circle or frond stack was 
significant (p<0.01) for exchangeable Ca; in this case, the magnitude of change was greater 
beneath the frond stack. The influence of soil sample location on soil pH indicated significant  
differences (p<0.05) for both BMP and REF at depths of 0-20 cm; in both cases the 
magnitude of increase in pH was greater beneath the frond stack than from within the weeded 
circle. 
With respect to soil depth, a significant influence (p<0.01) was demonstrated for % 
total N only; the change was greater for samples from 20-40 cm than from samples taken 
between 0-20 cm. SOC did not return any significant results. CEC decreased more at 0-20 cm 
than at 20-40 cm for BMP blocks beneath the weeded circles only. For the same subset of 
comparison, exchangeable K increased more at 20-40 cm than at 0-20 cm. Exchangeable Ca 
also increased more at 20-40 cm than at 0-20 cm for REF beneath the weeded circles. 
High variability among the 30 pairs of blocks in the study was demonstrated by the 
significant influence of the random effect ‘site pair’ in all split-plot ANOVAs (p<0.05 for all 
comparisons). As was the case for % SOC (Figure 5.3), variability for some soil properties 
was high within some plantations, but less so within others. 
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Table 5.7 Results of split-plot ANOVA for changes in all soil properties. 
  Significance for each variable a 
Factors Levels ∆ Soil pH ∆ %SOC ∆ Total N ∆ Avail. P ∆ CEC ∆ Exch. K ∆ Exch. Mg ∆ Exch. Ca 
Management 2 NS 
b 0.01≤ p ≤0.1 0.01≤ p ≤0.1 NS NS NS NS NS 
Sample location 2 0.01≤ p ≤0.1 NS NS 0.01≤ p ≤0.1 NS 0.01≤ p ≤0.1 0.01≤ p ≤0.1 p <0.01
 e 
Soil depth 2 NS 0.01≤ p ≤0.1 p <0.01 
d
 0.01≤ p ≤0.1 0.01≤ p≤ 0.1 0.01≤ p ≤0.1 NS 0.01≤ p ≤0.1 
Interaction terms 
c
          
Management ×  
Sample location 
 
NS NS NS NS NS p <0.01 NS NS 
Management ×  
Soil depth 
 
NS NS NS NS NS NS NS NS 
Sample location × soil depth  NS NS NS p <0.01 NS NS p <0.01 NS 
Management × sample location ×  
soil depth 
 
NS NS NS NS NS NS NS NS 
Results of Wilcoxon’s signed rank tests where undertaken f 
Management          
Weeded circle, 0-20 cm soil depth  NS NS      
Weeded circle, 20-40 cm soil depth  p < 0.05 NS      
Frond stack, 0-20 cm soil depth  NS NS      
Frond stack, 20-40 cm soil depth  NS NS      
Sample location          
BMP, 0-20 cm soil depth  p <0.05        
BMP, 20-40 cm soil depth  NS        
REF, 0-20 cm soil depth  p <0.05        
REF, 20-40 cm soil depth  NS        
Soil depth          
BMP, weeded circle   NS   p <0.05 p <0.05  NS 
BMP, frond stack   NS   NS NS  NS 
REF, weeded circle   NS   NS NS  p <0.05 
REF, frond stack   NS   NS NS  NS 
a
 Where p-values were between 0.01 and 0.1, Wilcoxon’s signed rank test was used to 
compare among the four combinations of the other two factors.  
b
 NS = Not significant, p > 0.1 
c
 Where interaction terms were significant, pairwise testing was not undertaken to detect 
differences in variables between factors 
d
 Change in total N was greater for 20-40 cm (increasing by 0.015%) than for 0-20 cm 
(remained almost the same) 
e
 Change in exchangeable Ca was greater under the frond stack (increasing by 0.16 units) 
than under the weeded circles (remained almost the same). 
f
 Wilcoxon signed rank tests results: Management comparison - %SOC increased more in 
REF than in BMP; Sample location comparison - pH increased more beneath the frond 
stack than beneath the weeded circles; Soil depth comparison - CEC decreased more at 0-
20 cm than at 20-40 cm; exchangeable K increased more at 20-40 cm than at 0-20 cm; 
exchangeable Ca increased more at 20-40 cm than at 0-20 cm. Note p < 0.05 was used to 
denote significance of Wilcoxon’s signed rank test.  
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5.5 Discussion 
There are three key findings from this study. First, contrary to expectations, there 
were no clear differences in the degree of change in soil properties between BMP blocks and 
REF blocks after four years. Second, there were consistent changes in a number of soil 
properties over time noted for both BMP and REF blocks, with many soil quality indicators 
improving over the four years between the beginning and end of the field trial. These changes 
were particularly notable for soil pH, % SOC, exchangeable K, and to a lesser degree, total 
N. Finally, some of the key nutrients decreased within the upper soil beneath the weeded 
circles (e.g. available P, exchangeable Mg and Ca), perhaps indicating a need for augmented 
quantities of these nutrients. The first two key findings are discussed in Section 5.5.1., 
followed by discussion of the implications for nutrient management and other agricultural 
management practices in oil palm plantations. 
 
5.5.1 Impact of oil palm management practices on measured soil quality indicators 
There were no consistent, clear differences in changes in the measured soil quality 
parameters over time between blocks managed under BMP compared with REF. This was an 
unexpected finding, given that yield was greater in the BMP blocks than in the REF blocks, 
with the greatest difference occurring after four years (Pasuquin et al., 2014). Further, 
intensification is often associated with a reduction in a number of indicators of soil quality, 
which was not noted here. The lack of observable differences between BMP and REF blocks 
may be attributable to a number of reasons, including: unaccounted for high variation 
between paired blocks; overlap of management practices between BMP and REF blocks (as 
reported in Oberthür et al. (2013), some estate managers may have adopted elements of 
BMPs in blocks managed under standard estate conditions); exclusion of soil quality 
indicators that might have shown differences between BMP and REF blocks; or poor 
correlation between soil quality indicators and yield. Although there were no clear 
differences in soil quality indicators between BMP and REF blocks, there were important 
changes in soil properties in many locations over the four-year trial, particularly with respect 
to soil pH and SOC. While the magnitude of change differed among individual estates and 
plantations sampled, the direction of change was generally consistent over time. The results 
provide evidence that oil palm cultivation is not necessarily associated with a decline in soil 
pH, nor with a loss of SOC in well-managed mature oil palm plantations. Although soil pH 
measurements prior to establishment of oil palm are not available for the studied sites, they 
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are very likely to have been acidic (for example, Tripathi et al. (2012) report soil pH values in 
water of between 3.60 and 4.50 for similar, forested terrain in Malaysia). 
Oil palm is often cultivated on acidic soils with low buffering capacities, a situation 
which can be further exacerbated by the application of mineral fertilizers, high rainfall and 
leaching (Nelson et al., 2011; Ng et al., 2011; Comte et al., 2013). Application of organic 
matter and efficient application of nitrogenous fertilizers can help alleviate soil acidification 
in oil palm (Nelson et al., 2010). The increase in soil pH noted in our study may have been 
related to the application of organic materials to the soil surface, such as empty fruit bunches 
in some BMP blocks and palm fronds in all blocks. Indeed, a greater increase in soil pH was 
noted beneath the frond stacks, where abundant organic material was applied, than beneath 
the weeded circles. Bakar et al. (2011) also noted increases in soil pH values in oil palm 
following long-term application of organic amendments. Similarly, Comte et al. (2013) 
reported that soil pH tended to be higher in oil palm blocks where organic fertilizers were the 
dominant form of nutrient application than in those blocks where predominantly mineral 
fertilizers were used. The mechanism by which an increase in soil pH could occur following 
application of organic materials was not assessed in this research. Potential mechanisms 
identified in a review paper (Haynes and Mokolobate, 2001) include oxidation of organic 
acid anions in residues, ammonification of organic N in residues, and specific adsorption of 
organic molecules produced during decomposition of residues. 
Mean values for % SOC reported in this study are comparable with those recorded by 
Bakar et al. (2011) in Malaysia, but less than those reported by Comte et al. (2013) in a 
Sumatran plantation. Soil organic carbon showed a clear increasing trend (average of 3 g kg
-1
 
total SOC over the field trial). The increase in SOC across all comparisons may be related to 
the surface application of EFB and palm fronds. While EFB were typically applied at higher 
rates in BMP blocks than in REF blocks (at around 40 t ha
-1
 year
-1 
in blocks,
 
equivalent to 
approximately 300 kg palm
-1
 year
-1
), pruned palm fronds were present in both types of 
blocks, stacked between rows of palms. The increase in SOC was notable even beneath the 
weeded circles surrounding individual palms, where inputs of organic matter are typically 
lower than in inter-row areas (Ng et al., 2011), but where root activity tends to be highest 
(Nelson et al., 2006). Increased SOC in oil palm plantations may have other beneficial effects 
on soil quality that were not assessed in this study, such as changes in water holding capacity, 
bulk density, soil aggregation, microbial activity and soil biodiversity. Further research on the 
relationships between improved SOC and oil palm yield could encourage greater application 
of organic residues in oil palm plantations. Cost-benefit data on the application of EFB as 
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mulch or as a nutrient source, versus disposal as a waste product could be particularly useful, 
given that organic residues are typically only applied in blocks that are near or adjacent to oil 
palm mills (Bakar et al., 2011). 
 Limited information exists on carbon cycling and storage within established oil palm 
plantations. Mature oil palm plantations can sequester carbon in root biomass over the short 
term, although SOC and microbial biomass may be in equilibrium (Smith et al., 2012). Where 
above-ground biomass is burnt as part of plantation management, an overall loss of SOC can 
occur (Ng et al., 2011). Results of this study indicate that SOC is not necessarily depleted by 
oil palm cultivation in mature oil palm stands, and may actually increase over the short time 
period assessed (four years). Longer-term data, ideally throughout the 20-25 year growing 
cycle from initial planting to replanting, would be needed to confirm the extent to which 
BMPs can actively increase the potential for soil carbon sequestration in land under oil palm 
cultivation. Additionally, information on the pools and forms of SOC in the soil (labile pools 
including surface plant residue, buried plant residue and particulate organic matter, stable 
pools such as humus, and recalcitrant pools such as charcoal and other forms of resistant 
organic carbon) (Stockmann et al., 2013) are needed to evaluate the longer-term soil carbon 
sequestration potential in oil palm plantations managed under BMPs. Soil bulk density data 
are also required to calculate soil carbon stocks under different management regimes. The 
influence of management practices on soil carbon dynamics and nutrient cycling, especially 
in relation to the initial and operating conditions under which oil palm plantations can act as a 
net source or sink of greenhouse gas emissions such as CO2 and N2O, remains poorly 
understood (e.g. Melling et al., 2007; Crutzen et al., 2008; Nair et al., 2011; Carlson et al., 
2012; Khasanah et al., 2012; Smith et al., 2012). 
 
5.5.2 Nutrient management in oil palm plantations 
BMP practices included fertilizer applications tailored to individual blocks, which 
resulted in them receiving greater nutrient input than REF blocks, mainly due to the addition 
of organic nutrients from empty fruit bunches (Table 5.7). However, the soil nutrient values 
generally do not reflect these treatment differences after four years. For instance, although all 
comparisons reflected consistently higher values for exchangeable K in the soil at the end of 
the field trial (Figure 5.2), there were no significant differences in the degree of change in 
exchangeable K between BMP and REF treatments, despite the fact that BMP blocks 
received from 16% (Site 1) to 450% (Site 4) more K over the four years of the trial. Total 
fresh fruit bunch yield was greater in BMP than in REF treatments (Table 5.3), which is 
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likely to account for some uptake of additional K applied. Leaf analysis undertaken on the 
same blocks indicated a gradual increase over time in mean leaf K content in BMP blocks 
compared with REF blocks (Chapter 6).  
These results lend support to the notion that soil nutrient status is a poor indicator or 
predictor of oil palm yield, at least for the time-scales assessed in this research. For example, 
the higher levels of exchangeable K present in REF blocks after the field trial in the upper 
soil beneath the weeded circle were not associated with greater mean yields in REF. 
Available P values were similar in BMP and REF, but yields were greater in BMP. Available 
P values were depleted over time in the weeded circle in both REF and BMP. Given that the 
higher inputs of N, P and K to BMP blocks are not clearly reflected in soil analyses, further 
research is needed to ascertain the pathways by which the additional nutrients are taken up by 
plants (through increased yield or increased growth), or lost from the site through leaching or 
other pathways. A detailed nutrient budget would assist in interpreting some of the results 
seen here, and help ascertain the efficiency of nutrient input through the fertilizer regimes 
used. Sufficiently precise nutrient data were not available to produce such a budget for this 
study. High rainfall and coarse textured soils at some of the sites may lead to greater losses of 
applied nutrients.  
Where changes in soil nutrient status were significant, they tended to be greater 
beneath frond stacks, and at 20-40 cm rather than 0-20 cm (e.g. significant differences for 
total N, exchangeable Ca and K) (Table 5.7). In the majority of estates, most fertilizers aside 
from urea and borate were applied to the frond stack (Table 5.4), which may account for the 
increase in soil nutrient parameters in this area. Similarly, the few negative changes in soil 
quality parameters observed over time occurred within the weeded circle (e.g. total P, 
exchangeable Mg, and CEC). In commercial oil palm plantations arranged in a similar 
fashion to the estates sampled here, oil palm root activity and water uptake tends to be 
greatest in the weeded circle immediately surrounding each palm, with a decrease in activity 
and water uptake in the zone between the weeded circle and the frond pile, and a secondary 
increase in activity beneath the frond pile (Nelson et al., 2006). Root mass tends to decrease 
sharply with depth, with the greatest root mass concentrated in the upper 30 cm of soil 
(Nelson et al., 2006). Hence, the zones expected to have greatest root activity and nutrient 
uptake (beneath the weeded circle in the upper soil layer) experienced less positive change 
than zones that are likely to have lower root activity. The reasons for this are unclear, but 
may be related to increased uptake of nutrients within weeded circles compared with beneath 
frond piles, or potentially higher rates of loss of applied fertilizer in weeded circles, where 
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permeability and ground cover may be lowest. Further research on root density and root mass 
in BMP and REF over time, and in the different sections of the plantation (e.g. weeded circle, 
frond stack) would help elucidate whether the patterns of root activity noted by Nelson et al. 
(2006) also hold for the studied plantations. 
Values for key nutrients such as exchangeable K and available P were highly variable 
in time and space. Prior to the field trial, mean values for exchangeable K within the upper 20 
cm of soil were classified as ‘low’ (~0.2 meq 100g-1 soil) beneath the frond stack and ‘very 
high’ (>0.3 meq 100g-1 soil) within the weeded circle (using values for mature oil palm from 
Fairhurst and Hardter (2003) and Rankine and Fairhurst (1999a)), with considerable variation 
among all blocks sampled. Following the field trial, mean values for exchangeable K were 
‘very high’ for 0-20 cm soil for BMP and REF blocks, beneath both the weeded circle and 
frond stack. The high soil K levels at the end of the field trial may indicate reduced need for 
K input in future years. Conversely, further cultivation without increased P inputs may lead to 
deficiencies, given the decline in available P. 
In the light of these findings, the concept of the ‘4Rs’ in nutrient stewardship is 
increasingly important for fertilizer application in oil palm. The 4Rs refer to putting the right 
source of nutrients in the right place, at the right time and at the right rate. Soil nutrient status 
for the sites surveyed generally falls within the ‘moderate’ range in the context of oil palm 
production for soil pH, total N, available P, %SOC, and ‘high’ for exchangeable K and 
exchangeable Mg, according to Fairhurst and Hardter (2003) and Rankine and Fairhurst 
(1999a). However, it is possible that current fertilizer rates may not be adequate given the 
depletion in some key nutrients noted over time. Current oil palm plant nutrition is based on 
the average response of all palms in a block; however, there is great variation in production 
from palm to palm, with the result that not all palms in a block will be adequately fertilized 
under a single fertilizer regime. In this case, it would seem that further consideration of the 
placement and concentration of fertilizers within the zone of highest root activity surrounding 
individual palms is needed. 
 
5.5.3 Variability in site conditions and management practices 
The estates sampled in this research were diverse, covering a range of soil types, 
suitability for oil palm cultivation, topographic characteristics, age of oil palm stands and 
climatic characteristics (Table 5.1 and Table 5.2). This variability was reflected in the 
significant influence of ‘site pair’ as a random effect in the ANOVA analyses, and in the 
varying degrees of change in soil quality indicators between estates. The blocks in this 
98 
 
research were stratified according to management treatment, rather than by biophysical 
characteristics. Due to the small number of available data points (n=30), detailed statistical 
analysis on the potential influence of biophysical site characteristics on changes in soil 
properties was not undertaken. If further plantations were added to the study in future years 
such that stratification by soil type, topography or stand age were possible, it would be 
valuable to note whether soil properties in any combination of these site factors were more or 
less conducive to change under BMP and ‘standard’ treatments. 
The influence of oil palm management practices on soil properties such as soil pH, 
organic carbon and nutrient availability is known to vary according to soil type and 
topographic position (Comte et al., 2013), age of oil palm stand (Smith et al., 2012) and may 
also be affected by rainfall and hydrological characteristics (Nelson et al., 2011; Comte et al., 
2012). Accordingly, the site-specific BMP concept acknowledges that management practices 
need to be tailored to site conditions, rather than applied uniformly across all blocks in an 
estate (Donough et al., 2009). The ‘4R’ Nutrient Stewardship Concept (IPNI, 2012) also 
requires careful consideration of the site-specific context for tailored fertilizer application. 
Disentangling the effects of variable BMPs, initial site conditions, suitability for oil palm and 
past management practices over a short period of time (four years) on soil properties is 
complex. With more time under BMPs, clearer differences in soil properties may become 
apparent. However, given the differences in yields between BMP and REF blocks, and 
anecdotal evidence to suggest that plantation managers had adopted at least some components 
of BMPs in REF blocks, it may be difficult to maintain blocks under ‘standard’ management 
practices for longer periods of time. Future research could aim to compare soil quality 
indicators (particularly key properties such as soil pH, SOC, cations and available P) among 
plantations that have adopted BMPs with those that have not. 
 
5.6 Conclusion 
Sustainable intensification of oil palm is likely to become increasingly important as a 
means of increasing yield. Best Management Practices can not only increase yield but also 
have the potential for positive flow-on effects for soil quality and soil health. Measured soil 
properties in blocks managed using BMPs and ‘standard’ (REF) estate management practices 
did not show significant differences in the magnitude of change in soil properties over a four 
year period. Intensification of agriculture is often thought to result in a decrease in overall 
environmental quality; these results indicate that where appropriate site-specific management 
practices are employed, intensification can improve soil quality.  
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This study is one of the few pieces of research on oil palm management that has taken 
place within commercial oil palm blocks, embedded within a commercial production process. 
The research uses a unique, comprehensive set of data on soil properties compiled over four 
years, using consistent methods across space and time. While undertaking research within the 
inherently highly variable ‘real-world’ context can make it more difficult to extricate the 
influence of external environmental variables, the use of commercial blocks makes the results 
of this study highly relevant for those parties interested in improving oil palm management 
practices. 
Despite the overall lack of difference noted in soil properties between BMP and REF 
blocks, there were substantial positive changes in some key soil properties, most notably soil 
pH and % SOC. Oil palm plantations have often been noted for an increase in soil 
acidification and decrease in soil carbon stocks with increasing time under cultivation. This 
study has shown that oil palm cultivation is not inevitably associated with a decline in soil pH 
or % SOC. Appropriate management practices, such as combining inorganic and organic 
fertilizers in the most suitable combinations, and application of pruned fronds to the soil 
surface, can not only increase yield, but also improve soil health through an increase in soil 
pH and increased soil carbon over time. Further research on the additional benefits (beyond 
increased yield) that accrue over the longer term through the use of BMPs may provide 
valuable evidence to oil palm plantation managers looking to improve yields and reap ‘co-
benefits’ such as improved soil and water quality, and reduced expenditure on fertilizer 
inputs. 
In the next chapter, leaf analysis undertaken on the same blocks will be evaluated 
against yield to determine its potential as a management tool in the intensification of oil palm 
production system.  
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CHAPTER VI 
EVALUATION OF LEAF NUTRIENT ANALYSIS  
AS A MANAGEMENT TOOL IN YIELD INTENSIFICATION  
IN OIL PALM 
 
6.1 Summary 
Leaf analysis is the most widely used indicator of nutrient status in oil palm. Trials in 
six commercial plantations in Indonesia with enhanced nutrition as a major component 
showed that improved nutritional regimes had no consistent effect on leaf nutrient 
concentrations, and no obvious relationships between leaf nutrient status and yield were 
found. Plantation Intelligence, an approach based on operational research and on-farm 
experimentation principles with data from commercial operations was proposed to facilitate 
the adjustment of critical nutrient levels to fit the particular conditions of commercial blocks. 
Sharing of data between plantations and organizations greatly enhances the potential of 
Plantation Intelligence as it can provide the large data sets necessary to obtain reliable 
estimates of critical nutrient levels under a wide array of conditions. 
 
6.2 Introduction 
Improved management of established mature plantations offers an opportunity to 
increase productivity of oil palm by closing the yield gap between the attainable yield and the 
actual yield. Fairhurst et al. (2006) suggests that this yield gap is due to both poor nutrient 
management in the production phase and inefficiencies in the general management of the 
production system. Given that oil palm plantations are among the largest consumers of 
mineral fertilizers in Southeast Asia (Fairhurst and Hardter, 2003), reducing the yield gap due 
to poor nutrient management is key to the sustainable intensification of oil palm production in 
the region. This warrants making use of all available data and analytical techniques to 
accurately determine crop nutrient requirements. 
Leaf analysis is the most common method used to assess the nutrient status of the oil 
palm crop. Leaf analysis values are usually compared with established critical levels to 
determine whether a nutrient deficiency exists in the plant. Early researchers defined the 
critical concentration as not a point, but rather a narrow range of nutrient concentrations that 
separate the zone of deficiency from adequacy (Ulrich, 1952). Prevot and Ollagnier (1954) 
gave critical level a more practical definition as the leaf nutrient concentration above which a 
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yield response from fertilizer is unlikely to occur. From this standpoint, leaf analysis and 
critical nutrient levels serve as a diagnostic tool to indicate when fertilizer should be applied 
to the crop.  
Various factors affect leaf nutrient concentrations and, hence, critical levels. These 
include, among others, palm genotypes, soil factors, leaf rank and palm age (Coulter, 1958; 
Foster and Chang, 1976; Knecht et al., 1977). Some critical levels for N, P and K found in the 
literature are shown in Table 6.1. Teoh and Chew (1988) provided evidence that rachis K 
concentration is a better indicator of K nutrient status than leaf K. 
In this study, growth parameters and nutrient inputs measured in the four-year trial 
conducted in six Indonesian commercial oil palm plantations (Chapter 5) are used to evaluate 
the potential of leaf nutrient analysis as a tool in closing yield gaps in oil palm production. 
 
6.3 Materials and methods 
The description of study sites, experimental design and management practices are 
provided in section 5.3.1 and 5.3.2 of this thesis. 
 
6.3.1 Plant sampling and laboratory analysis 
Leaf and rachis samples from frond 17 (Fairhurst and Härdter, 2003) were collected 
before the start of the field trial (baseline) for each estate, and annually thereafter between 
2006 and 2011. Leaf sampling palms (LSP) were selected on a 10 x 10 fixed grid system that 
samples approximately 1% of the palms in a block (see details in section 5.3.2 and in 
Appendix 3 of Fairhurst and Härdter (2003). Plant samples were bulked for analysis. Dried 
leaves and rachis were transferred to polyethylene bags and sent to the Asian Agri group 
Laboratory in Tebing Tinggi, North Sumatra for analysis of nutrient concentrations (as 
percentage of dry matter) for nitrogen (Kjeldahl digestion), phosphorus (spectrophotometry), 
and potassium (flame photometry), among others. 
  
102 
 
Table 6.1 Published critical values for N, P and K in leaf 17 of oil palm. 
Deficient levels Optimum levels 
Reference 
N P K N P K 
2.7 0.15 1.00    Prevot and Ollagnier (1954) 
2.5 0.15 1.00 2.6-2.7 0.16-0.17 1.1-1.2 Ng (1969) 
2.5 0.15 1.00    Ochs and Olivin (1976) 
   2.9-3.0
a
 0.18-0.19 1.1-1.2 
Foster and Chang (1977) 
   2.6-2.7
b
 0.17-0.18 0.9-1.1 
2.5
c
 0.15 1.00 2.6-2.9 0.16-0.19 1.1-1.3 
Von Uexkull and Fairhurst (1991) 
2.3
d
 0.14 0.75 2.4-2.8 0.15-0.18 0.9-1.2 
2.6; 2.3
e
 0.13  2.5-3.0 0.15-0.19 0.9-1.3 Goh and Härdter (2003) 
  1.00
f
   1.3-1.6
f
 Teoh and Chew (1988) 
a
Optimum levels for inland soils of West Malaysia; 
b
Optimum levels for coastal soils of West Malaysia; 
c
Critical and optimum levels for palms <6 years after planting (YAP); 
d
Critical and optimum levels for palms >6 YAP; 
e
Critical level: 2.6 for palms <6 YAP; 2.3 for palms >6 YAP 
f
Rachis K  
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6.3.2 Yield measurement 
Fresh fruit bunch (FFB) yield was monitored over four years in each block. Recording 
of FFB yields was done in the normal way that estates operate. On each occasion of 
harvesting, all harvested bunches were brought to the roadside platforms and counted to 
obtain the total bunch number per block. These bunches were then transported to the nearest 
oil palm mill and weighed at the mill weighbridge to obtain total weight of FFB for each 
block. As far as practical, FFB from each block were transported to the mill separate from 
bunches of other blocks. These block specific transports provided an estimate of the average 
bunch weight for the day’s harvesting. The average bunch weight was used to estimate and 
allocate FFB weight for trips that included bunches from other blocks. FFB yield is expressed 
as tons per hectare.  
 
6.3.3 Statistical analysis 
Pairwise treatment differences between BMP and REF blocks at each site during the 
four-year trial were subjected to Analysis of Variance (ANOVA) using the Mixed Procedure 
in JMP version 8 (SAS Institute, 2009). Site effect was tested against block within site as 
error term. Trial-year and Site x Trial-year effects were tested against the residual. 
 
6.4 Results 
6.4.1 Leaf nutrient concentrations 
Across years, average leaf N levels in the BMP and REF treatments for sites 1, 2, 3 
and 4 were below the published optimum range for N (Fig. 6.1). Leaf N was similar between 
BMP and REF in all sites and for most years (Table 6.2). Leaf N levels for both treatments 
remained fairly constant across years at sites 4 and 6, but declined at sites 1 and 2 and 
increased at sites 3 and 5.  
Leaf P levels for both treatments were mostly within the optimum range (0.15 to 
0.19%) at all sites and years. Leaf P levels were similar between BMP and REF treatments, 
except at sites 4 and 5 where P levels in the BMP were significantly higher than in the REF.  
In general, leaf P levels increased over time. 
Leaf K levels for both treatments were within the optimum range (0.9 to 1.3%), 
except at site 1 where BMP and REF leaf K values were below the optimum in all years.  
Leaf K was significantly higher in the BMP treatment at sites 5 and 6, but was similar 
between the two treatments at other sites.  Leaf K levels declined at site 1 during the four 
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years of the project, increased at sites 4 and 5 and remained fairly constant at sites 2, 3 and 6. 
When averaged across sites, leaf K in the paired blocks were similar at the start of the project; 
K levels gradually increased in the BMP treatment, but stayed constant in the REF treatment. 
After the second year of the project, leaf K levels were much higher in the BMP than in the 
REF.  
The apparent K deficiency as determined by leaf levels of the BMP and REF 
treatments at site 1 was not reflected in the rachis K results, with K values within the 
optimum range of 1.3 to 1.6%. Moreover, whilst leaf K levels were within the optimum 
range, rachis K levels were outside the optimum range in the REF treatment at site 2 and 6. 
Across years, rachis K levels were significantly higher in the BMP treatment at sites 2, 5 and 
6. Except for site 3, rachis K levels generally increased with time in both treatments. Rachis 
K in the paired blocks was similar initially, but from the second year onwards the K rachis 
levels were greater in the BMP treatments. The high rachis K values for all years at site 3 and 
for years 2 and 3 at site 5 were likely due to the removal of the outer green layer of the rachis 
during sampling prior to nutrient analysis. 
 
6.4.2 FFB yield 
Yields in the BMP blocks were significantly higher than the REF in all sites and years 
of the trials. The smallest yield difference occurred in site 1 (1.5 t ha
-1
), and largest in site 2 
(5.4 t ha
-1
) (Table 6.2). Across sites, annual yield difference between treatment blocks range 
between 3.0 and 4.0 t ha
-1
. FFB yield varied over time in all sites with magnitudes of change 
being similar between BM and REF blocks. 
 
105 
 
L
e
a
f 
K
 (
%
)
0.7
0.8
0.9
1.0
1.1
1.2
1.3
Site 1
L
e
a
f 
N
 (
%
)
2.2
2.3
2.4
2.5
2.6
2.7
2.8
L
e
a
f 
P
 (
%
)
0.14
0.15
0.16
0.17
0.18
R
a
c
h
is
 K
 (
%
)
1.0
1.5
2.0
2.5
3.0
Site 3 Site 4 Site 5 Site 6
BMP
REF
0 1 2 3 4
F
F
B
 y
ie
ld
 (
t 
h
a
-1
)
15
20
25
30
35
0 1 2 3 4
Trial Year
0 1 2 3 4 0 1 2 3 4 0 1 2 3 40 1 2 3 4
Site 2
Figure 6.1 Nutrient concentrations in leaf 17 and rachis, and fresh fruit bunch (FFB) yield 
over the four years of the field trial. Year 0 refers to the baseline measurements before the 
start of the trials. Each data point is the average of five blocks. Broken lines refer to the 
critical level for N, P and K as given by Goh and Härdter (2003) for leaf 17 and Teoh and 
Chew (1988) for rachis. Baseline FFB yield data for all sites and nutrient concentration data 
for year 2 at site 2 are not available. 
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Table 6.2 Effect of BMP on yield, leaf and rachis nutrient concentrations at six Indonesian 
plantations (2006-2011). 
Parameter Levels
a
 
Treatment 
Δb P>|t|b Effects c P>|F|c 
BMP REF 
FFB yield  
(t ha
-1
) 
All 26.0 22.6 3.4 <0.001 Site 0.020 
Site 1 30.5 29.0 1.5 0.017 ProjYr 0.845 
Site 2 28.4 23.0 5.4 <0.001 Site x ProjYr 0.005 
 Site 3 23.7 18.9 4.8 <0.001   
 Site 4 22.3 19.8 2.5 0.000   
 Site 5 20.7 17.1 3.6 <0.001   
 Site 6 30.2 27.5 2.7 <0.001   
 Yr 1 26.5 23.5 3.0 <0.001   
 Yr 2 25.6 21.7 3.9 <0.001   
 Yr 3 26.0 22.4 3.6 <0.001   
 Yr 4 25.8 22.6 3.2 <0.001   
Leaf N (%) All 2.46 2.46 0.00 0.834 Site 0.655 
 Site 1 2.40 2.40 0.00 0.946 ProjYr 0.021 
 Site 2 2.35 2.39 -0.04 0.151 Site x ProjYr 0.864 
 Site 3 2.45 2.47 -0.02 0.544   
 Site 4 2.45 2.43 0.02 0.252   
 Site 5 2.58 2.57 0.01 0.556   
 Site 6 2.52 2.50 0.02 0.522   
 Baseline 2.43 2.46 -0.03 0.206   
 Yr 1 2.45 2.47 -0.02 0.434   
 Yr 2 2.49 2.47 0.02 0.324   
 Yr 3 2.44 2.44 0.00 0.878   
 Yr 4 2.50 2.46 0.04 0.048   
Leaf P (%) All 0.163 0.162 0.001 0.043 Site 0.445 
 Site 1 0.157 0.156 0.001 0.472 ProjYr 0.447 
 Site 2 0.167 0.166 0.001 0.549 Site x ProjYr 0.691 
 Site 3 0.163 0.164 -0.001 0.502   
 Site 4 0.176 0.173 0.003 0.013   
 Site 5 0.155 0.152 0.003 0.018   
 Site 6 0.164 0.164 0.000 0.938   
        
 
107 
 
Continuation of Table 6.2. Effect of BMP on yield, leaf and rachis nutrient concentrations at 
six Indonesian plantations (2006-2011). 
Parameter Levels
a
 
Treatment 
Δb P>|t|b Effects c P>|F|c 
BMP REF 
Leaf P (%) Baseline 0.157 0.158 -0.001 0.617   
 Yr 1 0.165 0.163 0.002 0.125   
 Yr 2 0.168 0.167 0.001 0.703   
 Yr 3 0.162 0.157 0.005 0.004   
 Yr 4 0.169 0.169 0.000 0.823   
Leaf K (%) All 1.03 1.00 0.03 0.001 Site 0.044 
 Site 1 0.83 0.83 0.00 0.974 ProjYr <0.001 
 Site 2 1.05 1.05 0.00 0.925 Site x ProjYr 0.794 
 Site 3 1.11 1.11 0.00 0.871   
 Site 4 1.02 1.00 0.02 0.312   
 Site 5 1.15 1.08 0.07 <0.001   
 Site 6 1.03 0.95 0.07 0.001   
 Baseline 0.98 1.00 -0.02 0.193   
 Yr 1 1.01 1.00 0.01 0.498   
 Yr 2 1.04 1.00 0.04 0.027   
 Yr 3 1.08 1.02 0.06 0.001   
 Yr 4 1.05 1.00 0.05 0.006   
Rachis K (%) All 1.72 1.59 0.13 <0.001 Site <0.001 
 Site 1 1.61 1.58 0.03 0.504 ProjYr 0.037 
 Site 2 1.26 1.16 0.10 0.022 Site x ProjYr 0.524 
 Site 3 2.61 2.58 0.03 0.582   
 Site 4 1.52 1.55 -0.03 0.153   
 Site 5 1.94 1.46 0.48 <0.001   
 Site 6 1.25 1.09 0.16 0.033   
 Baseline 1.37 1.37 0.00 0.916   
 Yr 1 1.61 1.60 0.01 0.601   
 Yr 2 2.05 1.73 0.32 0.002   
 Yr 3 1.95 1.72 0.23 0.005   
 Yr 4 1.66 1.54 0.12 0.094   
a
 All: Combined data averaged for all sites and years. 
b
 Δ = BMP – REF; P > |t|: probability of a significant mean difference between BMP and 
REF. 
c
 Source of variation of ANOVA of the difference between BMP and REF; P > |F|: 
probability of a significant F-value. 
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6.5 Discussion 
Nutrient levels measured in the leaf and rachis of the treatment blocks reflect neither 
the differences in yield (Fig. 6.1, Table 5.3) nor the differential nutrient inputs (Table 5.6) in 
BMP and REF. The BMP treatment consistently yielded more FFB yield than the REF across 
all sites and years (Table 6.2). The greater yields was attributed to yield-taking BMPs (i.e. 
crop recovery – ensuring that available fruit bunches are effectively harvested) during the 
first year and to the combined effect of yield-making (principally improved nutrition) and 
yield-taking BMPs in later years (Oberthür et. al., 2013). The mulching with empty fruit 
bunches (EFB) at a rate of 40 t/ha in the BMP blocks of Sites 3, 4, 5, and 6 increased the total 
nutrient input in the BMP treatment as compared to the REF (Table 5.6). However, leaf 
nutrient levels were not significantly different, particularly for N and P, between BMP and 
REF within and among sites, in individual years, and averaged across time (Table 6.2). Leaf 
nutrient levels varied over time in some sites, however, the patterns and magnitude of this 
variation was similar in the REF and BMP treatments (Fig. 6.1). Differences in leaf and 
rachis K levels between BMP and REF were significant only in certain sites. Also, leaf K 
results did not correspond well with rachis K results. Site 1 had the lowest total K input 
among the six sites, which were reflected in leaf analysis results, but not in rachis K levels.  
Foster (2003) indicated that nutrient concentrations alone may not be a very good 
indicator of oil palm nutrient requirements. The lack of a clear association between plant 
nutrient levels, yield and soil nutrient supply support this view (Table 6.2, Figure 6.1, section 
5.2). It is possible that increased availability of nutrients increases leaf (or rachis) nutrient 
content up to a certain level under given conditions, and that beyond that level the plant 
responds by increased growth with no change in nutrient levels. If this occurs with increased 
leaf growth leading to greater light interception then yield could increase with no change in 
nutrient status. This suggests that an estimation of the total nutrient content of the fronds or 
the total cation content would be a better indicator of nutrient status as it takes into account 
both the nutrient concentration and the total growth of the fronds. Breure (2003) linked 
canopy efficiency to cultural practices, particularly nutrition. While data from this trial are 
not conclusive, there is an indication that there may indeed be a positive relationship between 
improved canopy efficiency, increased yields and yield-making, nutrition-related BMPs that 
provide additional nutrients to the crop.  
Fairhurst and Mutert (1999) suggest that effective fertilizer recommendations are 
usually the result of combining the results of leaf analysis with field knowledge and common 
sense. Improvement of field knowledge to relate yield to nutrient contents can be obtained 
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from carefully designed field trials (see for example Prabowo et. al., 2010). However, other 
options exist that may well be less costly but equally effective.  The recently developed 
concept of Plantation Intelligence (Cook et al., 2013) as a mechanism to implement 
operational research and on-farm experimentation is designed to reduce decision uncertainty 
through a learning process based on the observed performance of individual management 
blocks in estates. The concept may provide a means to adjust leaf nutrient concentration 
indicators to suit local conditions. Advances in information technology make it possible to 
apply operational research principles and on farm experimentation to agricultural production 
systems in which record keeping is the norm. If data from commercial operations are 
routinely collected on leaf nutrient contents, yield, weather and soil conditions on a large 
number of blocks over a period of time, it should be possible to deduce useful relations 
between nutrient contents and yields under particular sets of conditions. Guidelines can then 
be derived to use leaf nutrient concentrations as a means to determine nutrient requirements 
adjusted to specific conditions that vary in both space and time.  The cyclic nature of the 
plantation intelligence process of observation, interpretation, evaluation, change, etc. 
provides a built-in feedback loop to assess the performance of indicator values and 
continually improve them in a real production setting.  
Due to the large variation in uncontrollable factors that affect production and the 
multiple management responses required to manage crops within a constantly varying 
scenario, a large number of data sets for individual blocks must be available to make sense of 
the trends and tendencies underlying the response of the crop to both management and 
uncontrollable variation. A direct consequence of this requirement for large data sets are the 
massive benefits that are obtained from sharing information with peers in other plantations 
rather than using it in isolation. To an extent, the success of Plantation Intelligence depends 
on collaboration between various producers. 
 
6.6 Conclusion 
This study took place within commercial oil palm blocks embedded within a 
commercial production process. The lack of clear relationship between plant tissue nutrient 
content and FFB yield suggests that leaf nutrient analysis alone is not sufficient for nutrient 
management in a commercial production setting. Various factors affect both plant tissue 
analysis and yield and it is difficult to untangle the effect of improved nutrient management 
on FFB yield in a small-scale research trial such as this. The process of Plantation 
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Intelligence will be able to provide more insight on the response of the crop to both 
management and uncontrolled variation at a much larger commercial scale. 
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CHAPTER VII 
INTEGRATION, SYNTHESIS AND RECOMMENDATIONS 
 
The summary of this dissertation is provided in Figure 7.1. As highlighted in the 
figure, the studies in this dissertation have shown that management strategies and tools that 
address the spatial- and temporal-specific constraints of crop production, particularly on 
nutrition, have the potential to increase the productivity and profitability of maize and oil 
palm in Southeast Asia, while enhancing the sustainability and environmental quality of these 
production systems. This suggests that a sustainable intensification of maize and oil palm 
production in the region through a site-specific approach to nutrient management is possible, 
thus contributing to meeting the growing global demand for food, feed and biofuel.   
 
 
 
Figure 7.1 Dissertation summary highlighting significant results of this study. 
 
In Chapter 2, it was shown that the leaf color chart (LCC), despite being originally 
developed for N management in rice, proved to be an effective tool in detecting the need of 
maize for additional N, thus allowing for higher yields and increased profit compared with 
the fixed rates.  It did not, however, help reduce total fertilizer N applied in the high N 
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treatment, which, under the circumstances of the study, cannot be fully explained. Hence, 
unlike in rice where N rates are increased or decreased according to LCC readings, the LCC 
in maize is best used as a diagnostic tool to detect N deficiency, rather than the need for less 
N. Results of the comparison between two- and three-N split applications during the season 
indicate that in medium-textured soils where there is low risk of N leaching, farmers can opt 
to apply fertilizer N in either two or three splits with no significant effect either on grain 
yield, agronomic efficiency, or on profit. Two N split applications, however, is more risky in 
the event of heavy rainfall following an initial high fertilizer dressing.  
These N management strategies (i.e. LCC and split application of N) were 
incorporated into the SSNM approach adapted for tropical hybrid maize. On-farm trials were 
established in various major centers of maize production in Indonesia, Vietnam and the 
Philippines to quantify and identify constraints to maize production in the Southeast Asia, 
and evaluate the performance of SSNM in closing yield gaps due to nutrient limitations. 
Results of this study were presented in Chapter 3, where it was shown that maize production 
in the region can be further increased with the SSNM approach. An average exploitable yield 
gap of 0.7 t ha
-1
 (in irrigated areas) to 1.1 t ha
-1
 (in less favorable rainfed environments) was 
measured in farmers’ fields, and the SSNM approach demonstrated promising agronomic, 
economic and ecological potential to close this gap. By accounting for site-specific attainable 
yields and indigenous soil nutrient supply, the latter estimated through yield responses to 
fertilizer N, P and K, SSNM achieved significant increases in grain yields, agronomic 
efficiency and profit over the farmers’ fertilizer practice. Field- and season-specific 
management practices, including the distribution of the required fertilizer N in several 
applications during the season at critical growth stages, flexible N management strategies that 
allow the adjustment of N rates according to plant demand using the LCC, and the application 
of P and K in sufficient amounts to overcome deficiencies and maintain soil fertility, led to a 
more balanced NPK nutrition, resulting in more vigorous plant growth (and greater resistance 
to diseases) and increased nutrient use efficiency. Although the SSNM approach was shown 
to be more profitable for farmers across sites compared to the current farmers’ fertilizer 
practice, risk analysis suggests that there is a 40% probability that farmers practicing SSNM 
might end up earning less than those practicing current conventional fertilizer management, 
especially in the irrigated and less favorable rainfed areas. This is due to the small yield gap 
in the irrigated areas and the high probability of crop failure in the less favorable rainfed 
areas. This level of risk could constrain farmers from adopting SSNM in these production 
environments; nevertheless, the main determining factor for the widespread adoption of this 
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technology could be the ease by which farmers can implement SSNM without a major 
commitment of their time (Dobermann et al., 2002). Tools that are simple, user-friendly and 
will enable farmers and their crop advisors to rapidly generate field-specific and cost-
effective guidelines and fertilizer recommendations would facilitate the wider dissemination 
of the SSNM technology. 
One such tool is the Nutrient Expert (NE) software. In Chapter 4, the conceptual 
framework of this decision support tool was presented, including results of field trials in 
Indonesia and the Philippines to evaluate its performance. Fertilizer recommendations 
provided by the NE software are consistent with SSNM strategies and principles, which 
promote the application of nutrients at the right source, the right rate, the right time, and the 
right place. The NE software calculates fertilizer requirements based on the expected 
attainable yield and yield response to fertilizer in a specific field or location. Estimates for 
attainable yield and yield response are usually determined from nutrient omission trials in 
farmers’ fields; however, in the absence of field trial data, the NE software allows for proxy 
information based on site information to estimate these SSNM parameters. Attainable yield is 
estimated based on the farmer’s current yield and the level of risk for drought or flood in the 
growing environment or the presence of soil-related constraints other than N, P and K. The 
yield response is estimated based on soil fertility indicators, such as soil texture and color, the 
historical use of organic inputs, soil test results (if available), and yield, fertilizer input and 
crop residue management of the previous crop. The NE software recommends the application 
of fertilizer N in two or three splits, fertilizer P application at or soon after sowing, and 
fertilizer K once or twice during the season depending on the rate. The software selects 
among the fertilizers that the user specifies those whose nutrient contents match the 
requirement for optimal split dressings. It also recommends optimum plant population, 
specifying both plant and row spacing. NE recommendations were tested against farmers’ 
current fertilizer practice in more than 50 farmers’ fields in Indonesia and the Philippines. 
Results of the evaluation demonstrated the ability of NE to increase farmers’ yield and 
income across a range of climates, soil types and cropping systems. This finding suggests that 
NE adequately estimated the parameters used for determining nutrient requirements of maize 
for specific locations. This makes the software an excellent easy-to-use tool to link the 
science of fertilizer nutrient management with farmers and crop advisors.  
In Chapter 5, the effects of intensification on soil quality is highlighted in a field trial 
involving six Indonesian plantations, where 30 pairs of commercial-sized oil palm blocks 
receiving best management practices (BMPs) and standard estate management were 
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compared for its effects on soil quality indicators over a four-year period. BMPs included 
nutrient management techniques that should also improve soil quality, such as the addition of 
organic matter to the soil surface, and improved timing and tailored application of mineral 
and organic fertilizers. Soils in these paired blocks were tested for a range of properties, 
including soil pH, % soil organic carbon (SOC), total N, available P, and exchangeable 
cations. Samples were taken before and after the field trial, from beneath weeded circles 
surrounding individual palms and beneath frond piles in between rows of palms, at two 
depths (0-20 cm and 20-40 cm). Contrary to expectations, no clear, consistent differences 
were found in the degree of change in soil properties between BMP and standard estate 
management blocks over four years. This lack of observable differences could be attributable 
to a number of factors, including unaccounted for variation between paired blocks, overlap of 
management practices between BMP and the standard reference blocks (as some managers 
may have adopted elements of BMPs in blocks managed under standard estate conditions), or 
exclusion of soil quality indicators that might have shown differences between the two 
treatment blocks. However, soil pH, % SOC, exchangeable K and, to a lesser degree, total N, 
improved for both treatment blocks after four years, providing evidence that intensive 
cultivation in well-managed mature oil palm plantations does not necessarily result in soil 
fertility decline. Appropriate nutrient management practices, such as the application of 
organic and inorganic fertilizers in the most suitable combinations, and the application of 
pruned fronds to the soil surface can improve soil health over time. Some key nutrients (e.g., 
available P, exchangeable Ca and Mg) decreased within the upper soil beneath the weeded 
palm circles, indicating a need for augmented quantities of these nutrients.  
Using yield and leaf concentration data gathered in the same field trials, leaf nutrient 
analysis was evaluated for its potential as a management tool for yield intensification in oil 
palm (Chapter 6). Leaf (N, P, and K) and rachis (K) nutrient concentrations from each pair of 
BMP and standard reference blocks were measured before the start of the trials and annually 
thereafter, and compared with the harvested fresh fruit bunches. Nutrient levels in the leaf 
and rachis of the treatment blocks reflected neither the differences in yield nor the differential 
nutrient inputs in the BMP and standard reference blocks. The BMP treatment consistently 
yielded more than the standard reference blocks, and the mulching of empty fruit bunches in 
BMP blocks in three of the six sites increased the total nutrient input in the BMP as compared 
to the standard reference blocks. Yet, leaf nutrient levels, particularly for N and P, between 
the two treatment blocks were not significantly different within and among sites, in individual 
years, and averaged across years. The pattern and magnitude of variation in leaf nutrient 
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levels over time in some sites were similar in the two treatment blocks. These results lend 
support to other studies contending that nutrient concentration alone may not be a very good 
indicator of oil palm nutrient requirements. Foster (2003) and Goh (2011) discuss the various 
methods of estimating fertilizer rates using leaf analysis data and their limitations, notably 
that leaf nutrient analysis is affected by numerous factors, that for these methods to work well 
will require accurate and representative leaf analysis results, and that these methods are 
empirical and should be used within the same environments where they were developed. Goh 
(2011) further discusses other methods that require not only leaf analysis data for estimating 
fertilizer rate, but also growth parameters to estimate plant nutrient demand. Another option 
that could possibly improve the interpretation and use of leaf nutrient analysis results is 
through Plantation Intelligence (Cook et al., 2013). Large datasets are typically recorded by 
commercial oil palm plantations on a block basis for internal accounting or control purposes 
(e.g., yield, fertilizer inputs, leaf and soil analysis, labor, etc.), but these are rarely analyzed 
and used in strategic or tactical management. Plantation Intelligence offers a process to 
acquire, assemble and analyze big data to generate new knowledge and aid in evaluating 
individual block performance (e.g., yield patterns, trends, variations between blocks, etc), 
providing more insight on the response of the crop to both management and uncontrolled 
variation at a much larger commercial scale. 
 
7.1 Meeting the growing global demand for food, feed and biofuel through 
sustainable intensification 
It is projected that by 2050 there will be around 9 billion people on earth and that 
about half of the global food calorie requirement will be provided by three major cereals – 
rice, wheat and maize.  It is estimated that for these people to be fed sufficiently, total food 
consumption will have to increase by 70-100% (Godfray et al., 2010). Grain demand is 
expected to double from current levels as a result of an increase in per capita real income and 
from dietary shifts towards a higher proportion of meat and animal-based products (Tilman et 
al., 2002). Demand for vegetable oil as edible oil and biofuel has been projected at between 
201 and 340 Mio t per year by 2050 (Corley, 2009). Given land and water scarcity, climate 
change and rising energy prices, meeting the growing markets for food, feed and fuel is a 
hefty challenge, more so in Asia where the majority of the world’s population resides.  
Increasing productivity on the same land area by narrowing yield gaps is the best 
viable solution to meeting these needs. Trends indicate that the total harvested area to cereals 
has been decreasing since 1980 in developed countries and in some developing countries 
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since 1995, mainly due to urbanization and industrialization (Cassman et al., 2003). Any 
expansion of cereal cropping, therefore, occurs at the expense of remnant forests and 
grasslands that typically have poorer soils and climate for intensive crop production. The 
rapid expansion of oil palm plantations into intact tropical forest, logged forest, multispecies 
agroforests (such as rubber) and peatlands (Koh et al., 2011; Carlson et al., 2012) has been 
criticized for its adverse impacts on biodiversity (Fitzherbert et al., 2008; Danielsen et al., 
2009), on carbon storage in soil and biomass (Fargione et al., 2008; Carlson et al., 2012), its 
potential impacts on food security (Ewing and Msangi, 2009; Chalmers and Archer, 2010) 
and even on global phosphorus reserves (Hein and Leemans, 2012). Recent estimates using 
remote sensing suggest that areas planted with or cleared for oil palm plantations in 
Kalimantan, Indonesia expanded from 903 km
2
 in 1990, to 8,360 km
2 
in 2000, and to 31,640 
km
2
 in 2010 (Carlson et al., 2012).  
This dissertation, along with other on-farm research efforts across Asia, has shown 
that a sustainable intensification of oil palm and the major grain crops can be achieved 
through site-specific fine-tuning of crop management. Studies in the late 1990s in the 
intensive rice cropping systems in Asia has demonstrated yield increases of about 7-11%, 
sufficient to match 6-10 years of annual growth in rice demand in the region (Dobermann et 
al., 2002). Khurana et al. (2008) also found significant grain yield increases in the irrigated 
wheat crop regions of Punjab, India that could match about 6-9 years of annual growth in 
wheat demand in the country. Chapter 3 of this dissertation has shown that farmers’ maize 
yields can increase by an average of 1 t ha
-1
 with SSNM, which roughly translates into an 
additional 4.5 Mio tons of grain, or equivalent to >60% of the total maize demand in the 
region in 2011 (FAOSTAT, 2014). This is based on the current 7.6 Mio ha planted to maize 
in Indonesia, Vietnam and the Philippines (FAOSTAT, 2014) where an estimated average of 
60% is planted to modern high-yielding varieties (i.e. ~50% in the Philippines and Indonesia 
[Philippine Statistics Authority, 2014; Direktorat Jenderal Tanaman Pangan, 2010] and ~90% 
in Vietnam [USDA-FAS, 2013a]. In the case of the Philippines where there are more than 2.5 
Mio ha planted to maize, a 1 t ha
-1
 yield increase with SSNM translates to an additional 
annual production of 1.25 Mio tons, enough to make the country self-sufficient, and even 
become a net exporter, based on its average importation history of 127,000 tons between 
2007 and 2011 (FAOSTAT, 2014).  
Oil palm has the potential to produce more oil per hectare per year than any other oil 
crop.  However, the true genetic potential of the crop is yet to be fully exploited as a yield 
gap exists between the potential and the yields obtained in most plantations (Corley, 2005).  
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This thesis has shown that significant yield increases can be achieved with improved 
management practices and that intensive oil palm cultivation does not necessarily result in 
soil fertility decline. Indeed, disregarding socio-economic or biodiversity aspects and land 
use change, oil palm was found to produce the most sustainable biofuel based on 
sustainability indicators focused on resource use efficiency, soil quality, net energy 
production and greenhouse gas emissions (de Vries et al., 2010). Despite being strongly 
criticized for its environmental impact, oil palm cultivation is one of the key economic 
drivers of the agricultural sector in the oil palm growing belt, a region that encompasses 10° 
north and south of the equator. In Malaysia alone, the industry provides direct employment 
for about 570,000 people (Sime Darby Plantation, 2014). Although the BMP trials discussed 
in Chapters 5 and 6 were all conducted in large commercial oil palm plantations in Indonesia, 
it should be noted that smallholders – defined by the Roundtable on Sustainable Palm Oil as 
family-based enterprises producing palm oil from less than 50 ha of land – account for 35-
40% of the total area planted to oil palm in Indonesia and Malaysia, and contribute as much 
as 33% to its total output. There are an estimated 3 million oil palm smallholders worldwide 
and their yields are generally much lower than those of commercial plantations due to many 
inefficiencies and challenges, among them the lack of knowledge on good agricultural 
practices, such as applying insufficient fertilizer, harvesting unripe FFBs and use of poor 
quality seedlings (RSPO, 2014). Improving the yields of smallholders through site-specific 
BMPs that target these key constraints would provide a long-term and stable source of 
income for the millions of people who depend on oil palm for their livelihood.  
Laborte et al. (2012) in their study on yield gap assessment in rice in Southeast Asia 
suggest that intensive knowledge delivery and programs that enhance farmers’ skills to use 
production inputs more efficiently can help bridge the gap between average and best-farmers’ 
yields. Decision support tools, such as the Nutrient Expert (NE) software, provide 
opportunities to farmers and their crop advisors to develop nutrient management 
recommendations based on SSNM principles. Efforts are underway to adapt the SSNM 
concept and NE model developed in Southeast Asia to other cereal crops and geographic 
regions or countries (IPNI, 2014). In the Philippines, work is ongoing for the adaptation of 
SSNM strategies to open-pollinated and traditional maize varieties (locally known as white 
corn) to help alleviate the problem of food insecurity in the country (BAR, 2014). White 
corn, being a staple food instead of rice in some regions in the Philippines, is one of the major 
crops included in the ‘Food Self Sufficiency’ program of the government. Beta versions of 
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the NE software have been developed for maize for India, China, Kenya and Zimbabwe, and 
for wheat for South Asia and China (Dutta et al., 2014; Chuan et al., 2013; Xue et al., 2013; 
Johnston and Zingore, 2012). Initial field validation of NE-based recommendations for wheat 
in China, for example, was promising with higher yield, nutrient use efficiency and profit 
over the farmers’ fertilizer practice and soil-test based recommendations in most sites (Chuan 
et al., 2013). This is a welcome result in a country where, in the pursuit of meeting food 
security, over-application of fertilizer, particularly of N, has become the norm leading to 
nutrient imbalances, inefficient use and large losses to the environment (Cui et al., 2008; Ju et 
al., 2009). 
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APPENDIX A: Nutrient Expert (NE) Decision Rules for Proxy Information 
 
The Nutrient Expert (NE) for Hybrid Maize is a computer-based decision support tool 
that enables local experts to quickly formulate fertilizer guidelines for hybrid maize in 
favorable tropical environments consistent with the scientific principles of site-specific 
nutrient management (SSNM). Information required by the software can be easily provided 
by a farmer or local expert. After answering a set of simple questions, the user will get 
guidelines on fertilizer management (and more) that are tailored to his location (i.e. maize 
environment) and locally-available fertilizer sources. This section illustrates the software’s 
decision rules for proxy information to estimate attainable yield and yield responses to 
fertilizer N, P and K application in the absence of field data from omission plot trials 
(Pampolino et al., 2011). 
 
The guidelines provided by this software assume the following conditions: 
 no serious limitation of water (i.e. drought) throughout the growing period 
 any problem on acidity and/or micronutrients are properly addressed 
 use of high-yielding maize varieties 
 no major damage caused by pests and diseases 
 proper placement of fertilizer is practiced 
 
A. Estimating attainable yield 
Information required: 
 Characteristics of the growing environment: water availability (irrigated, fully 
rainfed, rainfed with supplemental irrigation) and any occurrence of flooding or 
drought 
 Farmers’ current yields 
 Farmers’ current planting density 
 Soil-related constraints (if any) 
 
Assumptions: 
 Yield potential for tropical maize is between 12 and 14 t ha-1. 
 There is no difference in the yield potential between the wet and dry seasons. 
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 The attainable yield is limited by variety, planting density, nutrient management, 
soil-related constraints (problems other than NPK), and climate-related constraints 
(i.e., flooding during the rainy/wet season, and drought during the dry season). 
 In the absence of climate-related and/or major soil-related constraints (i.e. problem 
soils), 12 t ha
-1
 in irrigated areas and 10 t ha
-1
 in rainfed areas are attainable with 
good variety, optimal planting density, and good nutrient management practice and 
crop care. 
 
Determining the upper limit of attainable yield 
Table A1 shows the upper limit of attainable yield, which is affected by the growing 
season (climate) and water availability. It is assumed that these upper limit yield levels can 
only be attained when the growing environment has the following characteristics: 
 no climate-related risks (flooding, drought) 
 no soil-related risks other than NPK (acidity problem can be remedied by liming) 
 water is generally sufficient during the growing season 
 optimal planting density 
 the difference between estimated attainable yield (Yatt) and current actual yield (Ya) 
is less than 4 t ha
-1
 (a yield gap of ≥ 4 t ha-1 would suggest other constraints). 
 
Table A1: The upper limit of attainable yield (Yatt) depending on growing season and water 
availability (irrigated or rainfed) in Nutrient Expert (NE). 
Season 
(climate) 
Water 
availability 
Yatt estimate 
(t ha
-1
) 
Remarks 
Dry Irrigated 12 Irrigation will allow fertilizer application 
at pre-determined dates/schedules, hence 
higher Yatt can be expected in irrigated 
than in rainfed systems. 
 Rainfed 10 Fertilizer application will depend on 
rainfall events. 
Wet Rainfed 10 Fertilizer application will depend on 
rainfall events. 
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Determining risk scenarios and estimates of attainable yield 
The following decision rules show how attainable yield is estimated based on 
presence or absence of constraints (Table A2). The constraints or risks can be climate-related 
(drought, flooding) and/or soil-related (complex multiple nutrient stresses, etc such as 
problem soils). It is assumed that there is little opportunity for increasing yield under high-
risk environment. 
 
Table A2. Estimating attainable yield (Yatt) based on environmental risks in Nutrient Expert 
(NE). 
Constraints/risks Yatt estimate 
High-risk environment: 
Characterized by at least one of the following: 
 flooding OFTEN 
 drought OFTEN 
 problem soils 
Farmers’ current yield (Ya) + 1.0 t ha-1 
Medium-risk environment: 
Characterized by at least one of the following: 
 flooding SELDOM 
 drought SELDOM 
 soil depth SHALLOW 
Ya + 2.0 t ha
-1
 
Low-risk environment: 
Characterized by: 
 flooding NEVER, AND 
 drought NEVER 
Ya + 3.0 t ha
-1
 
* The Yatt estimate should not exceed the upper limit of Yatt as defined in Table A1. 
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B. Estimating yield response to fertilizer N, P and K application 
Information required: 
 Soil fertility indicators: soil texture, soil color and organic matter content, soil test 
for P and K (if any), historical use of organic materials (if any), problem soils (if 
any) 
 Farmers’ current crop residue management and fertilizer inputs 
 Nutrient carryover from previous crop 
 
Determining soil N, P and K fertility classes 
As indicated in Section 4.3.2, NE estimates yield response based on the relationship 
between nutrient-limited yield and Yatt, with the indigenous nutrient supply (i.e. low, 
medium or high) ultimately determining the nutrient-limited yield. Table A3 provides the 
guidelines for determining the INS, IPS and IKS classes. Soil test values for P and K (if 
available) are combined with the P and K nutrient balance class to determine the IPS and IKS 
classes. In the absence of a soil test, the INS class is used to determine soil P and K levels. 
 
Table A3. Determining indigenous soil N, P and K fertility classes in Nutrient Expert (NE) 
Indigenous 
nutrient supply* 
Soil fertility 
class 
Determinants 
INS Low  Sandy soils regardless of soil color 
 Reddish/yellowish clayey or loamy soils 
Medium  Grayish/brownish clayey or loamy soils 
High  Very dark clayey or loamy soils with high 
organic matter and high fertility 
IPS Low  Low soil P 
 Low to medium P balance 
Medium  Medium soil P and low to medium P 
balance 
 Low soil P and high P balance 
 High soil P and low P balance 
High  High soil P and medium to high P balance 
 Medium soil P and high P balance 
IKS Similar class determination as IPS. 
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*Historical application of 2 t ha
-1
 or more of organic materials (more than 3 years) will move 
up soil fertility level (i.e. from low to medium or medium to high). 
 
Determining P and K balance classes 
The soil nutrient balance is determined from the difference between the nutrient 
inputs from both inorganic and organic sources and the output from the net removal or the 
nutrient content of the crop harvest. Table A4 shows the P and K balance classes based on the 
soil P and K balance levels. The limits of the P and K balance classes depend on crop nutrient 
removal.  
 
Table A4. Determining soil P and K balance classes in Nutrient Expert (NE). 
Nutrient balance Class Determinants 
P balance* 
Low P balance < -9 kg P ha
-1
 
Medium P balance -9 to 0 kg P ha
-1
 
High P balance > 0 kg P ha
-1
 
K balance** 
Low K balance < -25 kg K ha
-1
 
Medium K balance -25 to 0 kg K ha
-1
 
High K balance > 0 kg K ha
-1
 
*P balance = P inputs (from inorganic and organic sources) – P removal (with harvested 
products). 
** K balance = K inputs (from inorganic and organic sources, irrigation water) – K removal 
(with harvested products), where K from irrigation water is assumed to be 10 
kg K ha
-1
 crop
-1
. 
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APPENDIX B: Best Management Practices (BMPs) in Oil Palm 
The International Plant Nutrition Institute (IPNI) has developed and tested a process 
to deploy a series of ‘best management practices’ (BMPs) within a commercial production 
environment that cover a range of agronomic practices intended to intensify the production 
systems in order to decrease the gap between actual and potential yield at a given site using 
cost-effective, practical methods (Donough et al., 2009). Tables B1 and B2 provide details on 
site-specific BMPs aimed at improving crop productivity and crop recovery, together with 
evidence supporting the practices. 
 
Table B1: Examples of site-specific Best Management Practices (BMPs) aimed at improving 
oil palm productivity 
Management Practice Purported benefit and evidence 
Maintenance of sufficient fronds to 
support high palm productivity 
Maintaining sufficient fronds will help attain optimum Leaf Area Index 
for maximum yield (for oil palm, between 5 and 6) (Corley, 1973; 
Rankine and Fairhurst, 1999a). Old, dead and damaged fronds are surplus 
to plant requirements. Light competition may affect yields in older palms 
or when planted too close together (Rankine and Fairhurst, 1999a). 
Removing abnormal, unproductive 
palms 
Palms unproductive for six years after planting should be removed to limit 
competition with productive palms (Rankine and Fairhurst, 1999a). 
In-filling unplanted areas Maximize productivity of plantation 
Selective thinning in dense areas Reduce light competition to improve yields 
Monitoring and management of 
pests (e.g. leaf eaters) and disease 
(e.g. Ganoderma*) 
Detect pest and disease outbreaks before large-scale control measures are 
required (Rankine and Fairhurst, 1999a). The fungus Ganoderma is 
responsible for basal stem rot in oil palms. This disease is a major threat to 
oil palm production in southeast Asia (Pilotti, 2005). 
Spreading pruned fronds widely in 
inter-row area and between palms 
within rows 
Pruned fronds can provide N, P, K and Mg to the soil (Rankine and 
Fairhurst, 1999a). Water uptake and by inference root activity can be 
relatively high under pruned fronds compared with areas used for harvest 
paths, and almost as high within the weeded circle (Nelson et al., 2006). 
Ground cover provided by fronds can also reduce soil erosion (Comte et 
al., 2012). 
Eradication of woody perennial 
weeds 
Reduce competition for nutrients and water. Legume cover crops can help 
reduce soil erosion, fix atmospheric N2, supply litter to replenish organic 
matter and provide habitat for predators of insect pests (Rankine and 
Fairhurst, 1999a). 
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Management Practice Purported benefit and evidence 
 
Mulching with empty fruit bunches 
(EFB) 
Of fresh fruit bunches (FFB) sent to mill, around 20 to 25% is left as 
empty fruit bunch (EFB) residue after FFB have been steamed and 
fruitlets removed for oil extraction (Bakar et al., 2011). EFB are often 
used for mulching in areas adjacent to the mill. Using EFB as mulch can 
replenish soil organic matter and provide nutrients (primarily N, K) 
(Rankine and Fairhurst, 1999a; Singh et al., 2010). 
Management of applied fertilizers 
(i.e. type, dosage, timing and 
placement) 
Supply palms with sufficient nutrients to promote maximum economic 
yield, provide resistance to pests and diseases, promote healthy vegetative 
growth (Rankine and Fairhurst, 1999a). Application of small amounts of 
fertilizer frequently is better than infrequent application of large amounts, 
to reduce potential for contamination of surface and groundwaters with 
fertilizers (Rankine and Fairhurst, 1999a). Oil palm plantations have 
potential for high nutrient fluxes and off-site loss of applied fertilizers 
(Comte et al., 2012). 
Monitoring of plant nutrient status 
and growth 
Expenditure on mineral fertilizers can be a significant production cost. 
Regular plant monitoring provides information that can help tailor the 
most appropriate, economic fertilizer recommendations (Rankine and 
Fairhurst, 1999a). 
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Table B2: Examples of site-specific Best Management Practices (BMPs) aimed at improving 
oil palm recovery 
Management Practice Purported benefit and evidence 
Harvest interval of seven days Ripe fruits deliver maximum oil yield. Regular harvesting ensures 
efficient collection of ripe fruits (Rankine and Fairhurst, 1999a) 
Minimum ripeness standard = one 
loose fruit before harvest 
When ripe, fruits start to detach from bunches. One loose fruit ensure the 
bunch is ripe before harvesting in order to extract maximum oil yield 
(Rankine and Fairhurst, 1999a; Razali et al., 2012) 
Same day transport of harvested 
crop to palm oil mill 
Same-day delivery reduces the amount of free fatty acid (FFA) in the 
crude palm oil (Rankine and Fairhurst, 1999a; Ngando Ebongue et al., 
2011). High FFA levels make palm oil unfit for human consumption, and 
create problems for refining oil for biodiesel (Ramadhas et al., 2005; 
Ngando Ebongue et al., 2011) 
Harvest audits Ensure maximum efficiency, crop recovery and oil yield.  
Good in-field accessibility (clear 
paths, bridges wherever needed) 
Poor accessibility hinders harvesting, maintenance, and fertilizer transport 
and application. 
Clean weeded circles around palms Allow for efficient collection of loose fruit below palms (Rankine and 
Fairhurst, 1999a) 
Palm platforms constructed and 
maintained wherever needed 
Platforms around individual palms may be needed on slopes between 6o 
and 20o. Platforms improve fertilizer use efficiency, prevent soil erosion 
and improve harvesting efficiency. (Rankine and Fairhurst, 1999b).  
Minimum under-pruning in tall 
palms to ensure crop visibility 
Ensure crop visibility. Excessive frond removal will impede growth and 
reduce future yields (Rankine and Fairhurst, 1999a) 
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